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Dado que la presente tesis está constituida por un compendio de artículos, los 
objetivos específicos serán introducidos en cada uno de los capítulos 
correspondientes. Por tanto, en esta introducción intentamos enmarcar nuestros 
objetivos en un contexto más amplio, yendo de lo más general a nuestro caso 
particular.  
En la primera sección, ponemos las redes de vigilancia del estado de los 
ecosistemas en el contexto de la sostenibilidad de los sistemas socio-ecológicos, y 
de la estrecha relación entre la conservación de los ecosistemas y el bienestar 
social y el desarrollo económico. En la segunda sección, introducimos las 
particularidades que caracterizan a las zonas costeras, su problemática y las 
estrategias que demandan el uso de herramientas para establecer el estado de los 
ecosistemas costeros y las causas de su deterioro. Lo que nos lleva, finalmente, a 
desarrollar el caso particular objeto de estudio exhaustivo en la presente tesis, los 
ecosistemas de Posidonia oceanica. En la tercera sección, intentamos sintetizar 
parte de los extensos conocimientos sobre la estructura y funcionamiento de estos 
ecosistemas. Y por último, en la cuarta sección identificamos las complejas 
respuestas biológicas que reflejan su sensibilidad, flexibilidad y vulnerabilidad 
frente a las crecientes presiones derivadas de las actividades humanas. 
 
Sostenibilidad de los sistemas socio-ecológicos 
La actividad humana es una de las mayores fuerzas de cambio tanto local como 
global, capaz de modificar el comportamiento o la persitencia de especies 
concretas y de modelar el paisaje o alterar los principales flujos de la biosfera. 
Nuestra interacción con el entorno supone una explotación de los recursos y unas 
transformaciones tales, que en la actualidad es difícil entender la estructura y el 
funcionamiento de los ecosistemas sin considerar la presencia humana y los 
procesos antropogénicos. Se estima que la humanidad es responsable, entre otros 
aspectos, de un incremento en un 50% de la fijación de nitrógeno (Vitousek et al. 
1997a) y en un 30% de la concentración atmosférica de dióxido de carbono, de la 
transformación o degradación del 40-50% de la superficie terrestre (sin considerar 
los polos, mares y océanos), del aumento de la extinción de especies entre 100 y 
1000 veces (Vitousek et al. 1997b), y de la sobreexplotación del 25% de las 
pesquerías (FAO 2006). Paralelamente, la economía y la sociedad humana se 
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sustentan en los recursos y los servicios que los ecosistemas proporcionan 
(Millennium Ecosystem Assessment 2005).  
En este contexto, emergen dos grandes objetivos vinculados al interés común: 
la sostenibilidad a largo plazo de los sistemas socio-ecológicos, y la distribución 
equitativa de los recursos teniendo en cuenta la generación presente y las futuras 
(Daly 1992), así como a otras especies. El desarrollo social y económico 
sostenible es un objetivo a largo plazo, cuyos principios generales según Elliot 
(2004) “se orientan a una planificación y gestión preventiva, protectora y 
coordinada, socialmente justa, ecológicamente duradera, económicamente viable, 
tecnológicamente factible, legalmente permitida, y socialmente deseable”. Sin 
embargo, el modelo de desarrollo sostenible es fundamentalmente teórico, y su 
aplicación se ve dificultada por rigideces, inercias y contradicciones propias del 
modelo de desarrollo tradicional (político, económico, social y científico), de las 
que parece difícil desprenderse. Somos parte del sistema socio-ecológico que 
pretendemos conocer, y formar parte de él nos dificulta alcanzar el grado de 
abstracción y generalización necesarios entenderlo en su totalidad, prevaleciendo 
nuestra visión antropocéntrica. Como en un cuadro de Escher, la realidad 
condiciona al observador, el cual a su vez condiciona la realidad. 
 
 
Foto 1. “Drawing hands” (Escher 1949) 
 
El proceso hacia la sostenibilidad de los sistemas socio-ecológicos requiere un 
cambio de mentalidad de los diferentes agentes implicados, tanto científico-
Introducción General 
7 
técnicos, como políticos y sociales. El conocimiento y consenso científico sobre la 
estructura y el funcionamiento de la red ecológica a la cual estamos conectados 
debe aportar la base para este cambio de mentalidad, proporcionando argumentos 
para la sensibilización social, y herramientas para la toma de decisiones legales y 
de gestión, con la sostenibilidad como objetivo final. La relación entre los avances 
biomédicos y los beneficios para la salud humana son claros, directos, y fácilmente 
entendibles. De manera similar, el reto de los ecólogos es mostrar la relación 
directa entre la conservación de los ecosistemas y el bienestar social, para que los 
avances en esta línea sean igualmente deseables política y socialmente. Sin 
embargo, el hecho de que se trate de un bien común (y no individual), y de 
resultados a largo plazo (que considera no sólo la generación presente sino 
también las futuras), dificulta su “deseabilidad” en el contexto de la mentalidad 
actual.  
Existen numerosos argumentos para la conservación de los ecosistemas y de 
la biodiversidad que los sustenta. Su valor natural, intrínseco, evolutivo, estético y 
cultural, es sin duda el más importante (McCauley 2006). A una escala global, y 
desde una visión antropocéntrica, la conservación de los ecosistemas (y de su 
biodiversidad) tiene un papel fundamental sobre la estabilidad de los sistemas 
socio-ecológicos (Chapin 2000, Adger et al. 2005). Sin embargo, estos 
argumentos parecen ser insuficiente para dar respuesta a las crecientes 
amenazas, y para su defensa frente a los valores económicos (de mercado) con 
los que entra en conflicto. Hacer dinero y proteger la naturaleza parecen ser a 
menudo objetivos mutuamente excluyentes. Sin embargo, los ecosistemas son 
esenciales para nuestra supervivencia y bienestar por múltiples razones, morales, 
éticas, estéticas y monetarias incluidas. Por tanto, la elección entre medio 
ambiente y economía es una falsa elección (Costanza et al. 1997, Costanza 
2006). En los años 80 surge la denominada “economía ecológica”, diseñada para 
maximizar la productividad del factor limitante para el desarrollo económico, el 
capital natural. En el contexto de la economía ecológica emerge otro argumento 
para la conservación que ha ganado fuerza en los últimos años, el valor de los 
“servicios” de los ecosistemas. El término función o funcionamiento de los 
ecosistemas se refiere a las múltiples conexiones biológicas y ecológicas 
implicadas en los flujos de materia, energía e información entre los diferentes 
organismos, y entre éstos y su entorno. Los bienes y servicios de los ecosistemas 
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representan los beneficios para la población humana derivados, directa o 
indirectamente, de las funciones de los ecosistemas (Costanza et al. 1997). El 
valor económico de los servicios de los ecosistemas es infinito, pues sin ellos no 
se sostendría la economía mundial y se comprometería la persistencia de la 
especie humana. Sin embargo, en un intento de fortalecer el papel de la 
conservación de los ecosistemas en la toma de decisiones políticas, de sensibilizar 
a la sociedad, y de estimular la investigación y el debate, diversos estudios han 
realizado una cuantificación monetaria de los servicios de diferentes ecosistemas 
o de los costes sociales y económicos que supone su perdida (Costanza et al. 
1997, Chapin 2000, Balmford et al. 2002). Dicha cuantificación ha suscitado una 
intensa polémica sustentada en el riesgo de poner nuestro patrimonio natural a la 
venta al darle un valor monetario (McCauley 2006). Sus propios defensores 
asumen limitaciones y simplificaciones en los cálculos. A pesar de ello, la 
valoración económica de los servicios de los ecosistemas supone un argumento 
convincente ante gestores y población para la protección de ciertas áreas donde la 
nauraleza es, o puede ser, aprovechable. Si consideramos además que los 
ecosistemas y sus dinámicas están interconectados y que son, por tanto, 
interdependientes (Valiela & Cole 2002), este argumento se puede hacer 
extensivo para proteger partes de la naturaleza que entran en conflicto con 
nuestros intereses, o que aparentemente ni nos benefician ni nos dañan. Sin 
embargo, la conservación y gestión de los ecosistemas no debe basarse 
exclusivamente en un análisis de costes-beneficios a corto plazo. Es el momento 
de combinar las diferentes aproximaciones para alcanzar una visión más completa 
de la compleja labor de conservación y gestión de los ecosistemas, y para la 
distribución de los costes y beneficios que de ellos resultan (Reid 2006).  
Un paso importante en este sentido ha sido la puesta en marcha de estrategias 
nacionales e internacionales para la conservación de los ecosistemas y de su 
integración en un marco amplio de desarrollo sostenible. Recientemente, la Ley 
42/2007 del Patrimonio Natural y de la Biodiversidad, que recoge a escala 
nacional diversas normas y recomendaciones internacionales, establece como 
objetivo prioritario “la conservación, uso sostenible, mejora y restauración del 
patrimonio natural y la biodiversidad”. En ella se establece la obligación de las 
Administraciones Públicas de disponer de herramientas para el diagnóstico del 
estado de conservación del patrimonio natural y, en caso de que ocurra, de las 
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causas de su deterioro. Estos conocimientos serán la base sobre la que 
fundamentar las medidas de protección, mantenimiento y/o restauración de la 
integridad de los ecosistemas, y el fomento de la educación social sobre la 
necesidad de protegerlos. Las herramientas de diagnóstico y vigilancia se 
convierten, por tanto, en una piedra angular de las estrategias mencionadas, lo 
que ha impulsado la investigación de aspectos teóricos y prácticos en el campo de 
los bioindicadores del estado de los ecosistemas. A su vez, la obtención de 
información a partir de bioindicadores adecuadamente testados mediante el 
despliegue de estas redes de vigilancia, permitirá la acumulación de series 
temporales largas de datos experimentales que pueden ayudar a testar y 
esclarecer modelos y conceptos teóricos sobre el funcionamiento de los 
ecosistemas. 
En la presente tesis nos centraremos en dichas herramientas aplicadas a los 
ecosistemas costeros, analizando las fortalezas y debilidades de los 
bioindicadores utilizados. En particular, profundizaremos en las herramientas 
basadas en las praderas de Posidonia oceanica, estando la relevancia de estos 
ecosistemas reflejada en su designación como hábitats naturales de interés 
comunitario (Ley 42/2007). 
 
Singularidad de las zonas costeras 
La franja litoral constituye la zona de transición que une y separa la tierra y el mar, 
y como tal, es un espacio estratégicamente privilegiado en el que confluyen una 
gran diversidad de valores naturales, sociales y económicos. En las zonas 
costeras se concentran tanto la población mundial (Small & Nicholls 2003) como 
diversos usos y actividades humanas extractivas (de arenas, pesca, marisqueo), 
de acuicultura, agrícolas, industriales, nauticas y navales, comerciales, de ocio y 
turismo, y urbanísticas. A su vez, los hábitats costeros (manglares, arrecifes de 
coral, marismas, praderas submarinas) son ecosistemas claves para el 
mantenimiento de la productividad y biodiversidad marina (Gray 1997). Estos 
hábitats proporcionan servicios esenciales como la producción de alimento y otros 
recursos, refugio o lugar de puesta de especies de interés comercial, o la 
protección de la línea de costa. Esta confluencia socio-ecológica, unida a una 
dinámica compleja derivada de la interacción de medios de distinta naturaleza 
(litosfera, hidrosfera dulce y salada y atmósfera), hace que ciertos ecosistemas o 
Introducción General 
10 
hábitats costeros sean especialmente vulnerables, y que, en consecuencia, se 
encuentren altamente impactados. A partir del estudio de varios ecosistemas de 
latitudes templadas, Lotze et al. (2006) han estimado que se han perdido el 67% 
de las zonas húmedas saladas, el 65% de las praderas de fanerógamas marinas, 
y el 48% de otra vegetación acuática sumergida. A su vez, se estima que el 60% 
de los arrecifes de coral han sido o están a punto de ser destruidos (Gray 1992). 
Aunque estos porcentajes podrían ser menores de acuerdo con las estimas de 
otros autores (ver Vitousek et al. 1997b, Green & Short 2003, Hughes et al. 2003), 
los diversos estudios reflejan igualmente una importante degradación de los 
ecosistemas costeros. 
La destrucción de hábitats (Lotze et al. 2006), la eliminación de depredadores o 
herbívoros de mayor tamaño y de filtradores por sobrepesca (Jackson et al. 2001), 
la contaminación y la eutrofización de las aguas (Nixon 1995), y el cambio 
climático (Hughes et al. 2003), han sido identificados como los principales 
impactos antropogénicos que disminuyen la resiliencia de los ecosistemas 
costeros. Esta pérdida de resiliencia aumenta su vulnerabilidad ante la 
introducción de especies invasoras, enfermedades o eventos naturales poco 
frecuentes, lo que puede originar cambios hacia regímenes alternativos no 
deseables (Scheffer et al. 2001). 
Por otro lado, en las áreas litorales concurren las competencias de diferentes 
administraciones públicas con diversas fórmulas para su administración, 
legislación y gestión. En España sólo existe una legislación específica para las 
zonas costeras, cuyo contenido y alcance se limita a una franja litoral que goza de 
un estatus jurídico propio, el denominado “dominio público marítimo-terrestre” (Ley 
22/88 de Costas). Sin embargo, muchas funciones se contemplan desde una 
legislación sectorial e inespecífica. Desde el punto de vista jurídico-administrativo, 
los sectores implicados en la ordenación y gestión de las áreas costeras abarcan 
un espectro muy amplio: medio ambiente, urbanismo, agricultura y pesca, 
industria, etc. Para cada sector, y a diferentes escalas (internacional, nacional, 
autonómica, supramunicipal y local), las responsabilidades son muy variadas. La 
descoordinación entre administraciones y la inconcreción o superposición de 
responsabilidades originan problemas muy diversos, como la inexistencia de leyes, 
o, de existir, la falta de mecanismos para vigilar su cumplimiento, la redundancia 
en la financiación de estudios o redes de vigilancia, el emplazamiento inadecuado 
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de ciertos usos y actividades económicas en relación con la vulnerabilidad de los 
ecosistemas y con la dinámica litoral, la contaminación de aguas dulces y su 
extensión a las zonas costeras y marinas como receptores finales o directos, o la 
pérdida del carácter público del espacio y de los recursos naturales. Por tanto, 
para un buen equilibrio entre la conservación de los ecosistemas y los usos, 
actividades económicas e intereses de los diferentes actores implicados es 
necesaria una adecuada coordinación y colaboración interadministrativa, que debe 
ser abordada de acuerdo con la mencionada Ley 42/2007 del Patrimonio Natural y 
la Biodiversidad. 
Estas particularidades hacen que las disfunciones derivadas del modelo 
tradicional de desarrollo económico y social se intensifiquen en esta zona de 
transición, y que en ellas haya tenido una mayor resonancia el paradigma del 
“desarrollo sostenible” y la “ordenación y gestión integradas”. La toma de 
conciencia de esta problemática ha dado lugar, de forma interrumpida desde los 
años 70 y especialmente en torno a la década de los 90, a un considerable 
número de estudios técnico-científicos y estrategias administrativas y legislativas 
que han profundizado en aspectos teóricos de un nuevo modelo de planificación y 
gestión que entienda la zona costera como una unidad (frente a la tradicional 
concepción separadora por ámbitos naturales o por sectores, ver Barragán 1997). 
La ordenación integrada del espacio litoral requiere una visión dinámica en la que 
se interrelacionen criterios ambientales tanto físicos (geomorfológicos), químicos, 
como biológicos y ecológicos, con criterios sociales, económicos y legales, para la 
delimitación de unidades con características más o menos homogéneas que serán 
utilizadas como unidades instrumentales de planificación-gestión. Estos requisitos 
se contemplan en la Directiva Marco del Agua (DMA 2000/60/CE) y en otras 
estrategias nacionales e internacionales para la gestión de la calidad del agua en 
todo el mundo (“Environmental Monitoring and Assessment Program”, EMAP 2002 
derivado de la “US Clean Water Act”, CWA; y la “Australian and New Zealand 
Water Quality Management Strategy”, WQMS 1992), que parecen haber dado un 
salto cualitativo en esta dirección (ver Capítulo V). En el contexto de estas 
estratégias un aspecto clave es el diagnóstico del estado ecológico de las aguas 
mediante el despliegue de redes de seguimiento basadas en el uso de 
bioindicadores. En el ámbito costero, todas ellas incluyen, implícita o 
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explícitamente, la vigilancia del estado de los ecosistemas de fanerógamas 
marinas en la línea seguida en la presente tesis. 
 
Los ecosistemas de Posidonia oceanica: estructura y funcionamiento 
Las fanerógamas marinas son plantas superiores con flores, frutos y semillas. El 
estudio de la estructura y el funcionamiento de los ecosistemas asociados a estas 
plantas se ha incrementado sustancialmente en los últimos años (Touchette 2007). 
En concreto, Posidonia oceanica es una de las especies más estudiada 
(Procaccini et al. 2007), habiéndose alcanzado unos profundos conocimientos de 
su estructura y funcionamiento.  
P. oceanica es endémica del Mediterráneo, donde esta especie longeva y de 
crecimiento lento forma extensas praderas que son consideradas ecosistemas 
claves y amenazados. Los ecosistemas de P. oceanica son sistemas complejos, 
estructurados en diferentes niveles de organización y funcionamiento. Esta 
complejidad les permite una flexibilidad ante fluctuaciones rápidas (p.e. diarias) o 
condiciones cambiantes que ocurren gradual o cíclicamente de manera natural en 
el medio. A nivel de organización bioquímico y fisiológico, diversos componentes 
(pigmentos fotosintéticos, enzimas, etc.) intervienen en los procesos fotosintéticos 
(absorción de energía lumínica, asimilación fotosintética de carbono, nitrógeno y 
azufre) y de asimilación (no fotosintética de fósforo y otros nutrientes) y síntesis de 
los diferentes compuestos que la planta necesita para su supervivencia, 
crecimiento y reproducción.  
A nivel de individuo, la unidad funcional mínima es el haz. Las hojas de P. 
oceanica tienen forma de cinta de color verde (o parduzco a medida que 
envejecen), y crecen desde la base hacia arriba pudiendo alcanzar hasta 300 días 
de edad (Romero 1989). En la base de las hojas adultas aparece una estructura 
blanca similar al pecíolo de las hojas de las plantas terrestres. Los pecíolos 
antiguos, denominados “escamas”, permanecen adheridos al rizoma al caer la 
hoja dando un aspecto “peludo” a los rizomas. Las hojas se agrupan en haces que 
son portados por un rizoma o tallo vertical, que a su vez surge de un rizoma 
horizontal en dirección opuesta a la dirección en la que surgen las raíces. Los 
haces están conectados entre sí por los rizomas, lo que asegura la comunicación 
entre las diferentes unidades funcionales de la planta (haces, rizomas, raíces). Los 
rizomas están parcial o totalmente enterrados, siendo su función principal la de 
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asegurar la fijación al sustrato, además de almacenar sustancias de reserva 
(nutrientes, azúcares; Alcoverro et al. 2001b), y evitar el enterramiento de las 
plantas por sedimentación gracias a su crecimiento vertical (Boudouresque et al. 
1984, Duarte et al. 1997).  
 
Foto 2. Ilustración de la morfología del haz (izquierda) donde se señalan las diferentes 
unidades estructurales, y fotografía (derecha) donde se ven con claridad (E. Ballesteros). 
 
La producción de estas plantas tiene un carácter marcadamente estacional, 
que se aprecia principalmente en la producción y morfología de las hojas 
(Alcoverro et al. 1995) con un desfase temporal entre praderas superficiales y 
profundas (Mazzella & Ott 1984). A partir de otoño la columna de agua se mezcla 
y la disponibilidad de nutrientes aumenta. Las condiciones son óptimas para el 
crecimiento y se producen hojas nuevas, utilizando para ello el almidón 
almacenado en los rizomas durante los meses de mayor disponibilidad de luz 
(verano y primavera; ver Alcoverro et al. 2001b). En primavera no se producen 
hojas nuevas, pero las existentes experimentan un crecimiento muy acentuado. A 
partir de junio, las hojas han alcanzado su máxima longitud y su crecimiento se 
reduce al mínimo (Alcoverro et al. 1995). A partir de septiembre comienzan a 
aparecer hojas nuevas, mientras que las hojas más longevas, envejecidas y 
cargadas de epífitos, se desprenden masivamente formando un auténtico manto 
de hojarasca, tras haber retranslocado parte de sus nutrientes hacia las hojas 
nuevas (Lepoint et al. 2002, Marbá et al. 2002a). Los rizomas tienen generalmente 
una vida más larga que las hojas alcanzando a cumplir más de 30 años en 
algunos casos. Sólo las hojas producen mediante la fotosíntesis, mientras que 
toda la planta respira consumiendo parte de la materia orgánica producida. La 
voluminosa biomasa semi-subterránea (rizomas y raíces) frecuentemente crece en 
sedimentos anóxicos (Terrados et al. 1999, Holmer et al. 2003), y tiene una 
HOJAS
RIZOMAS
RAÍCES
ESCAMAS
PECIOLOS
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demanda respiratoria especialmente elevada (Alcoverro et al. 2001b). Por tanto, la 
planta está sometida a un estricto balance entre los procesos de 
producción/respiración que hace que sea extremadamente sensible a cambios en 
la transparencia del agua, así como a cualquier factor que altere o modifique los 
elementos que intervienen en el funcionamiento de la maquinaria fotosintética y 
biosintética. 
Desde el punto de vista de la población, los diferentes haces, además de 
desempeñar su papel, cooperan y comparten recursos para aumentar su 
supervivencia, de manera que constituyen una gran unidad funcional. Los haces 
más próximos entre sí crecen por prolongación y ramificación del rizoma y son 
clones desde el punto de vista genético, lo que confiere una baja diversidad 
genética a las poblaciones dentro de una misma pradera (Procaccini et al. 2001). 
Las praderas de P. oceanica son sistemas altamente productivos (Duarte & 
Chiscano 1999), cuya producción mantiene el crecimiento y la renovación cíclica 
de hojas (que representa un 80% de la producción), la lenta construcción de una 
importante biomasa subterránea (rizomas y raíces), la propagación de los rizomas 
horizontales que colonizan zonas vacías o denudadas por algún tipo de mortalidad 
(con velocidad aprox. de 1-6 cm/año, Marbá & Duarte 1998), y finalmente la 
reproducción sexual (a través de flores, frutos y semillas), que es poco frecuente, 
especialmente en ciertas regiones (Pergent et al. 1989, Díaz-Almeda et al. 2006). 
A nivel de ecosistema, P. oceanica es una especie “ingeniera” (sensu en Jones 
et al. 1997), constructora de un hábitat, la pradera, que realiza diversas funciones 
y servicios ambientales. La bóveda foliar y el entramado vegetal de la pradera son 
aprovechados como sustrato colonizable por una rica comunidad epífita de 
organismos sésiles (Mazzella et al. 1989), y proporcionan alimento, lugar de 
puesta y cría o refugio a una gran diversidad de organismos vegetales y animales, 
entre ellos algunas especies de peces de interés gastronómico o comercial (Bell & 
Harmelin-Vivien 1982, Francour 1997). Su estructura firmemente arraigada en el 
sedimento previene la erosión por corrientes y oleaje de los fondos arenosos 
(Gacia & Duarte 2001), a la vez que la reducción de la velocidad del agua en 
contacto con la bóveda foliar favorece la retención de sedimento y partículas 
orgánicas y el reciclado de nutrientes (Mateo & Romero 1997, Barron et al. 2006). 
La elevada producción de P. oceanica, además de sostener la persistencia y 
crecimiento de la pradera, tiene otros destinos. Los principales herbívoros que se 
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alimentan directamente de las hojas de P. oceanica son las salpas o salemas 
(Sarpa salpa) y los erizos de mar (principalmente Paracentrotus lividus) junto a 
algunos mesoherbívoros (pequeños crustáceos, poliquetos y moluscos). Aunque 
las preferencias de estos herbívoros (especialmente de P. lividus) parecen 
orientarse hacia los epífitos (Lepoint et al. 2000, Tomas et al. 2005), en algunas 
praderas someras los macroherbívoros (especialmente las salpas y durante el 
verano) llegan a ingerir un 57% de la producción foliar anual (Prado et al. 2007b).  
 
 
 
Foto 3. Banco de salpas o salemas (Sarpa salpa) alimentándose sobre una 
pradera (E. Ballesteros). 
 
La fracción de materia orgánica producida por la planta y por los epífitos 
algales que no es consumida por los herbívoros pasa a formar parte de la 
hojarasca con la caída de las hojas. Esta hojarasca, junto a la materia orgánica 
depositada (sedimentación de deposiciones animales, o de fitoplancton y otras 
partículas orgánicas en suspensión), puede ser exportada por corrientes y oleajes 
a sistemas vecinos (p.e. los deficitarios sistemas profundos, o las playas donde se 
acumula formando las denominadas “banquetas” que protegen la playa frente a la 
acción erosiva de los temporales), entrar en la red trófica a través de 
descomponedores (bacterias y microorganismos) o detritívoros (holoturias, 
anfípodos, misidáceos), o ser enterrada junto a los sedimentos retenidos pasando 
a formar parte de la denominada “mata” (Mateo & Romero 1997, Pergent et al. 
1994, Cebrián & Duarte 2001). Estos materiales orgánicos acumulados bajo las 
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praderas pueden alcanzar varios metros de altura, y representan “sumideros” de 
carbono y otros nutrientes que son retirados de los ciclos biológicos generales y 
preservados durante milenios (Romero et al. 1994, Mateo et al. 1997). Por tanto, 
estas acumulaciones podrían ayudar a atenuar los efectos del cambio climático y 
de la eutrofización de las aguas costeras. 
 
 
 
Foto 4. Vista del entramado de raíces, rizomas y materiales orgánicos acumulados que 
constituyen la “mata” bajo una praderas somera de Posidonia oceanica (E. Ballesteros). 
 
 
Los ecosistemas de Posidonia oceanica bajo la influencia humana: 
sensibilidad, flexibilidad y vulnerabilidad 
Las actividades humanas generan una serie de impactos marcadamente 
multifactoriales, es decir, que modifican simultáneamente diferentes factores 
ambientales (Fig. 1). En general, los diferentes impactos originados por las 
actividades humanas pueden afectar a los ecosistemas de P. oceanica mediante 
la modificación directa o indirecta de la disponibilidad de los recursos que 
controlan el crecimiento de la planta y las interacciones biológicas (p.e. luz, 
nutrientes y otros elementos traza, salinidad, temperatura), mediante 
perturbaciones hidrodinámicas y sedimentarias, mediante la eliminación directa de 
la biomasa o de efectivos de la población con la consiguiente alteración de la 
estructura y distribución espacial, o mediante la bioacumulación y efectos tóxicos 
de metales y agentes químicos (detergentes, hidrocarburos, etc.).  
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Figura 1. La complejidad de la respuesta de los ecosistemas de Posidonia oceanica frente a las actividades humanas que directa o indirectamente 
modifican diversos factores ambientales queda reflejada en esta figura. Respuestas biológicas iniciadas a un determinado nivel de organización pueden 
propagarse a otros niveles, como ciertas respuestas fisiológicas o morfológicas que pueden causar mortalidad de haces (línea rallada) o efectos a nivel 
de comunidad (línea de puntos), o respuestas de la comunidad que pueden desencadenar efectos sobre la fisiología y morfología de las plantas (línea de 
puntos y rallas). 
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Los ecosistemas de P. oceanica reaccionan ante estos impactos mediante 
diversas respuestas biológicas y ecológicas reflejadas a diferentes niveles de 
organización a diferentes escalas temporales (Fig. 1). Así, el vertido de aguas 
residuales, incrementado en verano como consecuencia de la afluencia masiva de 
turistas a la zona costera, el vertido de residuos de la actividad agrícola 
(fertilizantes), o las jaulas de engorde de cultivos marinos, suponen un aumento de 
los nutrientes que llegan a las aguas donde crecen las praderas. Estos nutrientes 
podrían tener inicialmente un efecto beneficioso sobre el crecimiento de estas 
fanerógamas, que se encuentra frecuentemente limitado por la escasa 
disponibilidad de nutrientes que caracteriza al Mediterráneo (Alcoverro et al. 1997). 
Sin embargo, un exceso de nutrientes puede provocar efectos negativos sobre su 
fisiología (van Katwijk et al. 1997, Invers et al. 2004), a la vez que organismos de 
vida más corta como el fitoplancton o los epífitos pueden responder más 
rápidamente a este aumento de la concentración de nutrientes, proliferando 
masivamente y reduciendo la luz que llega a las hojas de P. oceanica, con el 
consiguiente efecto negativo sobre la fotosíntesis (Delgado et al. 1999, Cancemi et 
al. 2003).  
 
 
Foto 5. Haces recubiertos de epífitos y 
sedimentos finos en una pradera degradada. 
 
A su vez, al aumentar el contenido de nutrientes del agua aumenta también el 
de las hojas de la planta y el de sus epífitos, lo cual podría intensificar la actividad 
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de los herbívoros (Ruíz et al. 2001), con la consiguiente reducción del tamaño de 
las hojas, que puede conllevar un balance fotosintético menos positivo o incluso 
negativo y una mortalidad de haces. La eutrofización de las aguas supone, 
además, un aumento de la deposición de materia orgánica, cuya oxidación puede 
provocar anoxia en el sedimento con la consiguiente formación de compuestos 
tóxicos que causan una reducción de la vitalidad de los haces y su mortalidad 
(Pérez et al. 2007).  
De manera similar, el vertido de residuos urbanos y derivados de la agricultura, 
la industria, la minería, o de las jaulas de cultivos marinos, y el uso de 
combustibles o pinturas “antifouling” de los barcos, conllevan una entrada de 
sustancias tóxicas (detergentes, plaguicidas, antibióticos, metales, hidrocarburos, 
etc.) que pueden causar alteraciones del metabolismo y del crecimiento de la 
planta (Bucalossi et al. 2006, Chesworth et al. 2004), e incluso su muerte 
dependiendo del tipo de contaminante, de la dosis y del tiempo de exposición. A 
su vez, el vertido de aguas procedente de plantas desaladoras, con una cantidad 
de sales superior a la del agua de mar, puede provocar alteraciones fisiológicas y 
del crecimiento, necrosis y mortalidad de haces (Fernández-Torquemada & 
Sánchez-Lizaso 2005, Gacia et al. 2007).  
Otras actividades humanas, como la construcción de espigones y puertos (Ruiz 
& Romero 2003), el dragado de arenas (Badalamenti et al. 2006), la regeneración 
de playas o la creación de playas artificiales, modifican los procesos de erosión y 
sedimentación, ya sea directamente o mediante la modificación de la dinámica de 
corrientes. Cuando la actividad humana implica un exceso de sedimentación se 
produce el enterramiento de la base de las hojas. En las fanerógamas marinas el 
meristemo foliar se localiza en la base de las hojas, donde la probabilidad de 
rotura por exposición al hidrodinamismo y/o al herbivorismo es menor. El 
enterramiento de los meristemos unos pocos centímetros por debajo del nivel del 
sedimento puede provocar la muerte de la planta en pocas semanas (Manzanera 
et al. 1998). De manera similar, este tipo de perturbaciones generan turbidez del 
agua y/o deposición de partículas sobre la superficie foliar, con el consiguiente 
efecto negativo sobre la producción fotosintética (Guidetti & Fabiano 2000, Ruiz & 
Romero 2003).  
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Foto 6. Haces enterrados por perturbaciones sedimentarias. 
 
Por el contrario, cuando la perturbación implica una disminución de la 
sedimentación se produce un descalzamiento de los rizomas, lo que puede facilitar 
su rotura con la consiguiente mortalidad de individuos. En otros casos, los haces 
son eliminados o arrancados como consecuencia directa del fondeo de 
embarcaciones de recreo (Francour et al. 1999), obras costeras (zanjas para 
emisarios o cables, además de las ya mencionadas), pesca ilegal de arrastre a 
menos de 50 m de profundidad (González-Correa et al. 2005, Leriche et al. 2006), 
o como consecuencia indirecta de la intensificación de las corrientes en 
determinadas zonas, originando claros sin haces de extensión variable en función 
de la actividad que los genera. 
 
 
Foto 7. Haces arrancados al izar el ancla de una embarcación (izquierda, E. Ballesteros), y 
claro sin haces originado por la colocación de un emisario submarino (derecha). 
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Los diferentes impactos que suelen darse de manera simultánea en la zona 
costera pueden actuar de manera sinérgica o antagónica, por lo que las 
respuestas biológicas no son siempre directamente proporcionales a la magnitud 
de la perturbación que las genera. A su vez, la organización estructural y funcional 
de las praderas les permite una cierta adaptabilidad y flexibilidad ante condiciones 
ambientales cambiantes, entre ellas las derivadas de las actividades humanas. 
Cuando son sometidas a bajos niveles de estrés (en duración y/o intensidad), las 
plantas modifican sus funciones bioquímicas (p.e. modificación del contenido en 
nutrientes y otros elementos traza en sus tejidos) y fisiológicas (p.e. reajustes 
metabólicos o de actividades enzimáticas, modificación de las tasas fotosintéticas 
o respiratorias). Si el estrés persiste pueden iniciarse respuestas adaptativas a 
medio plazo en las plantas (p.e. adaptaciones morfológicas como la modificación 
del tamaño de las hojas o del haz, o la modificación del crecimiento vertical de los 
rizomas), o cambios a nivel de la comunidad como la intensificación de la acción 
de los herbívoros, o el crecimiento masivo de epífitos. A partir de un determinado 
nivel de estrés o de modificación de los procesos internos se inician cambios en la 
estructura de la población por mortalidad de haces. De este modo, una 
determinada respuesta biológica iniciada a un determinado nivel de organización 
(p.e. respuesta bioquímica o fisiológica, alteración de las interacciones bióticas a 
nivel de comunidad), puede propagarse a otros niveles de organización (p.e. 
mortalidad de haces y cambios en la estructura de la población). Mientras el daño 
afecta a la vitalidad (bioquímica, fisiología y morfología de la planta) es 
completamente reversible (Gordon et al. 1994), pero cuando la estructura de la 
población se ve afectada, el daño puede ser parcialmente reversible o irreversible 
en función del tiempo requerido para su recuperación. Así, la pérdida de efectivos 
reflejada en la densidad de haces requiere décadas para su recuperación, y puede 
ser considerado parcialmente reversible, mientras que la recuperación de la 
pérdida de superficie vegetada (reflejada en una disminución de la cobertura) 
necesita siglos para su recuperación (González-Correa et al. 2005), y puede ser 
considerado un proceso irreversible. 
La vulnerabilidad de los ecosistemas de P. oceanica, y de otras fanerógamas, 
se ha puesto de manifiesto en el deterioro a escala global de estos ecosistemas 
(Walker & McComb 1992, Green & Short 2003, Orth et al. 2006a). La regresión de 
las praderas supone una reestructuración del sistema que puede dar paso a un 
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nuevo regimen, lo que supone la pérdida de los servicios que proporcionaba. Por 
tanto, es necesario reconocer las situaciones de estrés a tiempo, antes de que 
daños irreversibles y cambios hacia regímenes alternativos sean evidentes. Esta 
detección temprana de cambios en el estado de estos ecosistemas conlleva el uso 
de bioindicadores sensibles que detecten variaciones en los detalles de su 
estructura y funcionamiento. 
 
Objetivos y estructura de la tesis 
La investigación llevada a cabo en esta tesis es de naturaleza práctica. Por lo 
tanto, y aunque se basa en conocimientos y conceptos ecológicos está orientada a 
la resolución de problemas concretos, sin perder de vista el objetivo final de la 
sostenibilidad de los sistemas socio-ecológicos. El objetivo de esta tesis es 
contribuir al desarrollo de herramientas y a la adquisición de conocimientos 
necesarios para una correcta vigilancia del estado ecológico de las aguas costeras 
a escala regional. En particular, nos centraremos en herramientas basadas en los 
ecosistemas de Posidonia oceanica. 
La vigilancia del estado de las praderas de P. oceanica tiene una doble función: 
(1) incrementar el conocimiento de estos ecosistemas y detectar signos de 
alteración en este patrimonio sensible, amenazado, y legalmente protegido tanto 
en la costa catalana (Ordre de 31 de juliol de 1991, per a la regualció d´herbassars 
de fanerògames marinas) como nacional (Ley 42/2007 del Patrimonio Natural y la 
Biodiversidad) e internacionalmente (Directiva Hábitat 92/43/CEE), con el fin de 
conservar los bienes y servicios patrimoniales, ambientales, ecológicos y 
económicos que proporciona; y (2) utilizar estos ecosistemas sensibles como 
elementos de calidad para evaluar el estado ecológico de las aguas costeras, los 
efectos de las presiones derivadas de las actividades humanas, y la eficacia de las 
medidas protectivas y preventivas de las políticas ambientales locales y regionales 
(Directiva Marco del Agua, WFD 2000/60/EC).  
En la presente tesis profundizamos en el desarrollo de diversas estrategias 
para el diagnóstico del estado ecológico de las praderas de Posidonia oceanica, 
yendo desde un simple biomarcador (Capítulo I), a un índice biótico que agrega 
múltiples bioindicadores basados en atributos estructurales y funcionales de estos 
ecosistemas (Capítulos II y IV), y pasando por medidas a nivel de comunidad 
basadas en la composición taxonómica de los epífitos foliares (Capítulo III). Sin 
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embargo, entendemos que los ecosistemas de P. oceanica son sólo una pieza 
más en la red ecológica de la biosfera, y en el diagnóstico del estado ecológico de 
las aguas costeras. Por tanto, en el Capítulo V aumentamos el alcance de nuestro 
estudio para obtener una visión general de las fortalezas y debilidades de los 
diversos bioindicadores e índices bióticos basados en diversas especies 
centinelas, grupos ecológicos o ecosistemas empleados en el diagnóstico del 
estado de las aguas costeras a escala regional. Este capítulo proporciona el 
contexto general en el cual enmarcaremos las herramientas basadas en los 
ecosistemas de P. oceanica (Capítulos I-IV) durante la discusión (primera 
sección). 
La tesis está estructurada en cinco capítulos, cada uno de los cuales ha sido 
publicado en revistas científicas (Capítulos I, II, y IV), ha sido enviado para su 
publicación (Capítulo III), o ha sido preparado con esta intención (Capítulo V). Por 
tanto, cada capítulo es una entidad que puede ser considerada 
independientemente del resto. 
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RESUMEN 
La eutrofización de las aguas costeras es una de las perturbaciones más 
relevantes inducidas por el hombre. Dado el amplio rango de distribución de las 
fanerógamas marinas en las zonas costeras, las respuestas específicas a la 
eutrofización de estos organismos pueden proporcionar herramientas útiles para la 
detección de cambios en la calidad del agua. En este estudio combinamos una 
aproximación correlacional (comparación entre localidades) y manipulativa 
(experimento de fertilización) para evaluar la utilidad y el potencial de la actividad 
fosfatasa alcalina (APA) en la fanerógama marina Posidonia oceanica como 
biomarcador de eutrofización. Nuestros resultados muestran que la APA disminuye 
rápidamente tras la adición de nutrientes, manteniéndose esta respuesta a lo largo 
del año excepto durante el periodo invernal. La APA también varía entre praderas 
sometidas a diferentes niveles de descarga de nutrientes, lo que la convierte en un 
parámetro útil para las tareas de vigilancia de la calidad del agua. Por tanto, la 
actividad fosfatasa alcalina parece ser un óptimo “biomarcador fisiológico” que 
responde de manera rápida y fiable a episodios de eutrofización. Sin embargo, 
otros aspectos como la estacionalidad de la respuesta (que desaparece en 
invierno) sugieren su uso con cautela, y siempre que sea posible, como 
complemento de otros bioindicadores. 
 
Palabras clave: Fosfatasa alcalina, Posidonia oceanica, fanerógama marina, 
eutrofización costera, biomarcador, fósforo. 
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ABSTRACT 
Eutrophication is one of the most relevant man-induced changes occurring in 
coastal waters. The identification and assessment of specific responses to 
eutrophication in seagrasses can provide a useful tool for the detection of changes 
in water quality in coastal zones, given the large range of distribution of these 
organisms. In this study, we combine a correlational (across-sites comparison) and 
a manipulative (fertilization experiment) approach to evaluate the usefulness and 
potential of Alkaline Phosphatase Activity (APA) in the endemic Mediterranean 
seagrass Posidonia oceanica as an eutrophication biomarker. Our results showed 
that APA decreases promptly following nutrient additions, being the response 
maintained except during winter period. APA also varies across natural meadows 
under different levels of nutrient discharges at scales relevant for monitoring 
purposes. AP activity seems to be an optimal “physiological biomarker” that 
responds promptly and reliably to a pulse of eutrophication exposure. However, 
other considerations, such as the seasonality (the response disappears in winter), 
suggest its use with some caution and, as far as possible, as a complement of 
other bioindicators. 
 
Keywords: Alkaline phosphatase, Posidonia oceanica, seagrass, coastal 
eutrophication, biomarker, phosphorus 
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INTRODUCTION 
Eutrophication is recognised as one of the major problems affecting both 
freshwater and coastal marine environments. Excess nutrients, resulting from 
diverse causes (domestic wastes, industrial discharges, agriculture, aquaculture) 
alter ecosystem function and integrity, and represent a serious threat to aquatic 
environmental quality. The development of early warning indicators of 
eutrophication would be of great help to managers, in order to take action before 
ecosystem degradation occurs. Biomarkers (defined as quantitative and sub-lethal 
measures of changes in the biological system that responds to exposure to 
substances potentially causing undesired biological effects) can be useful in this 
respect, specially considering that the term “biomarker” refers to cellular, 
biochemical, molecular or physiological responses which precede those occurring 
at organismic or higher levels (Lam & Gray 2003). For a proper use of biomarkers, 
especially for environmental monitoring purposes, information about the spatial and 
temporal variability of the descriptors used are vital. Biomarker responses can be 
significantly affected by natural seasonal fluctuations (e.g. Vizzini et al. 2003) or by 
excessive spatial variability within a given site (e.g. Morrisey et al. 1994) 
confounding the interpretation of the results if the sampling design is not adequate. 
Seagrasses are among the organisms most widely distributed in coastal waters 
(Spalding et al. 2003). Seagrass growth and production are often limited by 
nutrients, both in tropical and temperate systems (Fourqurean & Zieman 1992, 
Short et al. 1990, Pérez et al. 1991). Consequently, their physiology is especially 
sensitive to changes in nutrient availability (see review in Romero et al. 2006). 
Here we examine the potential as an eutrophication biomarker of the nutrient-
sensitive enzyme alkaline phosphatase. 
Alkaline phosphatase is a ubiquitous enzyme, mainly located in the external 
membrane or periplasmic space of the primary producers, able to hydrolyse 
organic phosphorus compounds (monoester phosphates). The released phosphate 
can be further uptaken to meet the plant’s nutritional demands. Alkaline 
Phosphatase Activity (APA) increases under phosphorus limitation in 
phytoplankton (Gage & Gorham 1985, Steinhart et al. 2002), macroalgae 
(Hernández et al. 1992, Lapointe 1995, Schaffelke 2001) and seagrasses (Pérez & 
Romero 1993, Invers et al. 1995). It has also been shown that APA in seagrasses 
decreases in the presence of increased phosphate concentration, both 
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experimentally and along natural gradients (Pérez & Romero 1993, Invers et al. 
1995). This supports the contention that APA is a potential biomarker of 
eutrophication. However, and before its use, additional knowledge should be 
obtained. To this end, we have combined a correlational and a manipulative 
approach to evaluate the usefulness and potential of APA in the endemic 
Mediterranean seagrass Posidonia oceanica as a biomarker of eutrophication, 
assessing: (i) the spatial variability within a given site and between locations 
suffering different nutrient discharges; (ii) the time-course of the response of APA 
to a nutrient enrichment (from days to one year), i.e. the time between the onset of 
the enrichment and the detection of the effects, and the long-term response of the 
plant to nutrient addition (ca. 1 year); and (iii) the assessment of a possible 
seasonal behaviour of the response. 
 
MATERIALS AND METHODS 
Variability among meadows: correlational approach 
The study of spatial variability in APA within meadows and across meadows 
affected and unaffected by nutrient discharges was conducted between December 
2002 and January 2003 in four P. oceanica meadows (Jugadora, Montjoi, Fenals 
and Montroig) in the NE coast of Spain (Fig. 1).  
 
 
 
Figure 1. Map of the situation of the meadows studied in the extensive survey. Some 
basic meadow features (shoot density at different sampling depths) are also included. 
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In two of the meadows (Jugadora and Montjoi) no significant anthropogenic 
pressures were identified, while the other two (Fenals and Montroig) were affected 
by diffuse forms of urban and/or agricultural pollution (Agència Catalana de l’Aigua 
2005). Each meadow was sampled at one shallow (ca. 5 m depth) and one deep 
(ca. 15 m) station. At each station, plants for APA determination were collected; 
other variables of interest, related to nutrient status, were also obtained from plant 
samples (see below), directly measured in situ (shoot density and meadow cover) 
or in sediment (organic matter and carbonate content) and pore water (nutrient 
concentration) samples. At each station, three 300 m2 circular zones (10 m radius) 
were chosen at random along the same isobath, with the centre of the zones 
separated 25 m from each other. In each zone, four 0,16 m2 (40x40 cm) quadrats 
were randomly placed to measure shoot density; nine 0,25 m2 (50x50 cm) quadrats 
were placed 3 m apart from each other in 3 different transects randomly chosen to 
measure meadow cover, and 14 shoots of P. oceanica, 3 superficial sediment 
vials, and 3 syringes containing ca. 25 ml of pore water were collected by SCUBA 
divers and transported in refrigerated seawater to the laboratory. Pore water 
samples were obtained using syringes with a perforated cannula introduced 10 cm 
in the sediment. 
 
Experimental nutrient additions 
The response of APA to nutrient increase was evaluated at one site (Fenals, see 
Fig. 1), in a shallow (ca. 8 m depth) and patchy meadow through a nutrient (N+P) 
enrichment experiment. Three treated (enriched) and three control plots were 
marked. In each enriched plot, nine nutrient-diffusing vials were placed (Fig. 2), six 
of them filled with sand and nitrate-phosphate-ammonium fertilizer, and the other 
three with OSMOCOTE, a slow-release fertilizer, ensuring thus short-term nutrient 
enrichment (days) as well as medium-term enrichment (1 month). The experiment 
lasted for one year (May 2003 -June 2004), with a total of 11 nutrient addition 
events (ca. 1 per month). To better assess the time course of the response at early 
stages, 5 shoots were collected in each plot by SCUBA divers (at both the 3 
treated and the 3 control plots) on days 4, 11, 22 and 29 after the first enrichment. 
Further, APA response was evaluated through ca. monthly samplings performed 
one day before each monthly nutrient enrichment. 
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Figure 2. Schematic illustration of the nutrient-diffusing vials placed in the enriched experimental 
plots. In each enriched plot, nine nutrient-diffusing vials were placed, six of them filled with sand 
and nitrate-phosphate-ammonium fertilizer, and the others three with OSMOCOTE, a slow- 
release fertilizer. 
 
 
Laboratory procedures: APA determination 
In each zone, 5 shoots were collected (15 shoots per station). APA was determined 
in the second younger extended leaf of each sampled shoot. This leaf, commonly 
used for physiological analyses, is 25-50 days old (Alcoverro et al. 2001b), ca. 20 
cm length, and without conspicuous epiphytes that could confound the results 
(Pérez & Romero 1993). Each one of these leaves (0.2-0.5 g DW) was transferred 
into Pyrex bottles filled with 100-200 ml of assay medium composed by p-
nitrophenyl phosphate (pNPP), magnesium sulphate and seawater buffered with 
TRIS buffer at pH 9.7-10. After two hours of incubation at 21-24ºC, under artificial 
saturating irradiance and constant agitation (80 rpm), the absorbance of the yellow 
hydrolysis product, p-nitrophenol (pNP), was spectrophotometrically measured at 
410 nm (Pérez & Romero 1993, Invers et al. 1995; modified from Kuenzler & 
Perras 1965). Plants were then dried at 70ºC to a constant weight, and results 
were expressed as µmolPO4-3 gDW-1 h-1. It has to be reminded that the APA 
measured in this standard assay does not reflect in situ rates, but an estimate of 
the activity of the enzyme at saturating substrate and optimal pH conditions 
(Kuenzler & Perras 1965). 
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Other variables 
In the extensive survey (correlational approach), other variables potentially helping 
to explain nutrient status were also measured in shoots collected as described 
below.  
All leaves within a shoot of P. oceanica were measured to the nearest mm 
(length and width) in 3 shoots per zone (9 shoots per station); shoot size was 
expressed as cm2 per shoot. Young leaves (the second younger extended leaf 
cleaned of epiphytes) and rhizomes were dried (70ºC to a constant weight) and 
finely ground. Carbon and nitrogen content were analyzed in leaf tissues with a 
Carlo-Erba CNH elemental analyzer, and phosphorus content in leaves and 
rhizomes was determined using inductively coupled plasma spectrometric analysis 
after acid HNO3/H2O2 digestion (Cai et al. 2001). All results were expressed as 
percentage of dry weight (% DW). 
Organic matter in the sediment was measured as weight decrease after ashing 
(450ºC, 5h) and carbonate content as CO2 produced after samples treatment with 
HCl 10% using the Bernard calcimeter. 
Pore water samples were extracted, filtered (Whatman GF/A) and kept frozen 
until analyzed. Soluble reactive phosphorus, ammonium and nitrate concentrations 
were determined on an autoanalyzer using standard methods (Grasshoff et al. 
1983). 
 
Data analysis 
For data obtained in the extensive survey, differences between meadows and 
depths were tested with a 3-way ANOVA, with meadow and depth being fixed 
factors and sampling zones being a random factor (nested in meadow). When a 
significant interaction was detected, a two-way ANOVA using only the fixed factors 
(Meadow and Depth) was carried out in order to allow a posteriori pair-wise 
comparisons of means using the Student-Newman-Keuls comparison test (SNK, 
Zar 1984). Prior to statistical analyses, the dependent variable (APA) was tested 
for normality and homogeneity of variances using Kolmogorov-Smirnov Test and 
Cochran Test respectively. Despite the fact that data did not meet the condition of 
homocedasticity, the large sample size (n = 120) led us to consider ANOVA to be 
robust to departures from this assumption (Underwood 1997). Pearson correlations 
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were performed between APA and different nutritional status descriptors and basic 
features of the meadow in order to evaluate their influence on the enzyme activity. 
The assessment of APA response to water enrichment was carried out through 
Student´s t-test analyses performed at each sampling time, comparing means 
between control and enriched plots. 
 
RESULTS 
In the extensive survey, APA differed among meadows and among sampling 
depths (Table 1), but was homogeneous within a given meadow and depth (i.e. it 
did not vary among zones).  
 
Table 1. Three-way ANOVA results (in bold significant values at p < 0.05) 
performed to test the importance of different potential source of variability on 
APA in the correlational approach. 
 
Source of variability df Effect MS Effect df Error MS Error F p-level 
  Meadow 3 21.62 8 0.732 29.52 0.000 
  Depth 1 92.08 8 0.314 292.80 0.000 
  Zone 8 0.73 96 1.137 0.64 0.739 
  Interaction M x D 3 23.54 8 0.314 74.85 0.000 
  Interaction D x Z 8 0.31 96 1.137 0.28 0.972 
 
 
APA was generally higher in shallow stations than in deep ones (Fig. 3). 
However, differences among shallow and deep stations varied from ca. two-fold in 
Jugadora to non significant in Montjoi (SNK test). APA was in general higher in 
meadows without significant anthropogenic pressures (Jugadora and Montjoi deep 
station), and smaller in meadows affected by diffuse forms of urban and/or 
agricultural pollution (Fenals and Montroig). APA was significantly and negatively 
correlated with phosphorus content of both rhizomes and leaves and positively with 
meadow cover, carbonate content in sediments, and ammonium concentration in 
the interstitial water of the sediment (Table 2). 
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Figure 3. Mean ±  standard error of APA values measured in the correlational 
approach. A, B, C correspond to the three different zones sampled in each 
sampling site. Anthropogenic pressure (non detected and relevant), sampling 
depth and meadow are also included. 
 
Table 2. Coefficient of linear correlation between APA and descriptors related to 
nutritional status of the meadows and between APA and basic meadow features that 
could influenced APA spatial variability (in bold significant values at p < 0.05) in the 
extensive survey (n=24). Due to sampling complications data of porewater nutrients 
were not measured in one site (Montjoi), correlations between them and AP activity are 
presented without considered this sampling site (n=18). Average phosphorus 
concentration (in µM) in pore water ranged from 0,89 (Montroig) to 1,85 (Jugadora) and 
from 0,42 (Montroig) to 3,15 (Fenals) in shallow and deep meadows respectively. 
 
Variable  R Pearson  p-level  n 
  N leaves (% DW)  -0.18  0.398  24 
  P leaves (% DW)  -0.40  0.050  24 
  P rhizomes (% DW)  -0.58  0.003  24 
  Leaf C/P  0.34  0.107  24 
  Leaf C/N  0.05  0.801  24 
  Leaf N/P  0.13  0.550  24 
  Shoot size (cm2/shoot)  0.21  0.334  24 
  Density (shoots m-2)  0.22  0.869  24 
  Cover (%)  0.64  0.036  24 
  OM in sediments (%DW)  0.04  0.307  24 
  Carbonate sediments (%DW)  0.43  0.001  24 
  Phosphate in the interstitial water of the sediment (µmol/L)  0.33  0.179  18 
  Ammonium in the interstitial water of the sediment (µmol/L)  0.62  0.006  18 
  Nitrate in the interstitial water of the sediment (µmol/L)  0.41  0.092  18 
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The results of the fertilization experiment (Fig. 4) indicated that APA was 
significantly depressed by nutrient addition from the first measurement, that took 
place in May four days after the treatment onset, and differences between treated 
and control plots subsisted until September (although with only marginal 
significance in two cases). These differences disappeared from October onwards 
(fall, winter and early spring), and APA attained minimum values in winter. At the 
end of the experiment there was a sudden switch in the sign of the response. This 
unexpected result could however be an artefact resulting from the repeated 
cropping, since the experimental plots were somewhat smaller than the control 
plots.  
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Figure 4. Temporal variability of APA response. Asterisks indicate significant 
differences (p<0.05) between control plots and enriched plots (Student´s t-test). 
 
 
DISCUSSION 
Alkaline phosphatase activity in Posidonia oceanica shows some useful properties 
as eutrophication biomarker. First, it varies between meadows or part of meadows 
of different characteristics (e.g. different nutrient availability, different depth) but not 
within zones of the same meadow and depth. This fact is essential for the design of 
monitoring programs, such as those foreseen during the implementation of the 
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Water Framework Directive. Second, it responds consistently and predictably to 
nutrient availability in natural conditions (i.e. phosphorus nutrient content of plants 
correlated with APA across sampling stations) and under experimental treatments 
(AP activity decreased on plants from fertilized plots most of the year). The 
absence of correlation with soluble reactive phosphorus concentration in pore 
water highlights the importance of these integrative measures (i.e. APA or tissue 
nutrient content) compared to discrete observations to adequately reflect the 
environmental nutrient availability. Third, AP activity seems to be highly sensitive, 
with a fast response time (a few days). 
Alkaline phosphatase activity increases in phosphate-deficient medium and 
decreases at high phosphate availability. When phosphate concentration is high, 
its uptake causes a high tissue phosphorus content, and consequently, APA shows 
a strong negative response to internal phosphorus concentration. Moreover, high 
external phosphate concentration do not totally suppress APA, suggesting the 
existence of two different enzyme pools: one adaptive, regulated by phosphate 
concentration, and one constitutive, independent of external phosphate levels that 
might interact (Hernández et al. 2002). However, total AP activity shows an 
unquestionable response to phosphate availability, confirming its adequacy as a 
biomarker of eutrophication. 
Nevertheless, there are three additional sources of variation that should be 
considered before using APA as an eutrophication biomarker. The first one is 
seasonality. In effect, APA not only varies seasonally following nutrient availability 
(see values of control plants in Fig. 4) but, at least in the conditions of our 
experiment, the response induced by the nutrient increase disappears in winter. At 
this time of the year, Posidonia oceanica leaf growth is reduced and nutrient 
availability relatively high; hence, nutrient demand is at its minimum. The seasonal 
APA response is reflecting thus the existence of seasonality in the extent of 
nutrient limitation in P. oceanica (Alcoverro et al. 1997). However, in the 
correlational approach, performed during winter, APA was able to reflect 
differences in nutrient availability among meadows and/or depths. Possibly, APA 
measured in winter reflects the activity of the constitutive pool, which depends on 
meadow features such as cover (higher nutrient demands in meadows which 
support a higher shoot and belowground tissues production) or carbonate content 
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in the sediment (P sorption to calcium carbonate minerals, see below); these 
contentions are supported by the correlations found (Table 2). 
A second source of variation that should be taken into consideration is depth. 
Shallow meadows do not only inhabit in an environment with lower nutrient 
availability (shallow waters characteristically have lower nutrient concentrations; 
Romero et al. 1998), but they also have higher nutrient requirements because of 
higher shoot densities and meadow cover (Alcoverro et al. 1995). Moreover, leaf 
biomass losses are higher in shallow meadows because of higher herbivore 
pressure (Tomas 2004) and higher hydrodynamism (Krause-Jensen et al. 2000, 
Middelboe et al. 2003), resulting in additional nutrient deprivation. Consequently, 
important differences in nutrient imbalances exist between shallow and deep 
meadows, a fact that is well reflected in APA values.  
Finally, a third source of variation is the sediment carbonate content. P-
limitation in seagrasses is generally associated to environments with carbonate 
sediments due to P absorption by calcium carbonate minerals (Short et al. 1990, 
Fourqurean et al. 1992, Chambers et al. 2001, but see Erftemeijer & Middelburg 
1993). In this study, the significant correlation between AP activity and sediment 
carbonate content suggests that the effects of chronic P pollution could be partially 
attenuated by these carbonates, resulting in high APA values despite receiving 
direct nutrient inputs. 
In conclusion, the measurement of APA presents advantages that can help in 
the diagnosis of eutrophication (e.g. high sensitivity, low spatial variability at small 
scales, consistence in the response). However, and due to shortcomings such as 
the seasonality in the response, caution should be exercised when using AP 
activity as a biomarker. Additionally, the very fast response of APA (with maximum 
response being attained in only a few days) impedes the discrimination between 
sporadic nutrient pulses and a sustained increase in nutrients. The combination of 
APA with some other bioindicators such as nutrient content and isotopic signatures 
(Udy & Dennison 1997) can improve the usefulness of APA as a biomarker of 
eutrophication. 
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RESUMEN 
Se demandan en todo el mundo herramientas para la vigilancia del estado de los 
ecosistemas, lo que ha supuesto que una gran cantidad de bioindicadores hayan 
sido propuestos para esta finalidad. Sin embargo, pocos de ellos han sido 
validados a una escala espacial adecuada para la vigilancia de los problemas 
ambientales y para su gestión. En este capítulo recopilamos una larga lista de 
bioindicadores potenciales obtenidos en fanerógamas marinas (59) y los 
validamos empíricamente en praderas de Posidonia oceanica a lo largo de un 
gradiente antropogénico, que abarca desde localidades no impactadas a 
localidades altamente impactadas. Aproximadamente el 75 % de los indicadores 
testados fueron descartados debido a su falta de respuesta a la escala espacial 
relevante para la vigilancia (10s de km frente a 10s de m) o a lo largo del gradiente 
de calidad ambiental. Estos resultados evidencian que es necesaria una 
cuidadosa validación de los bioindicadores antes de su uso en programas 
extensivos de vigilancia ambiental. La respuesta de los bioindicadores al gradiente 
ambiental se vio altamente influenciada por la profundidad de muestreo. Los 
bioindicadores obtenidos en las praderas situadas a mayor profundidad mostraron 
una respuesta más clara a las diferencias en la calidad ambiental, mientras que los 
obtenidos en praderas someras parecen verse afectados por procesos naturales 
como el herbivorismo o el hidrodinamismo. Dieciséis bioindicadores mostraron una 
respuesta inequívocamente relacionada con el gradiente de calidad ambiental y 
fueron seleccionados. Entre ellos encontramos bioindicadores representativos de 
los diferentes niveles de organización (bioquímico, fisiológico, individual y 
poblacional). La combinación de estos bioindicadores es necesaria para reflejar 
adecuadamente el gradiente completo de calidad ambiental, y las múltiples 
perturbaciones antrópicas que lo originan. El proceso de selección de 
bioindicadores descrito en este capítulo es un paso imprescindible antes de su 
integración en redes de vigilancia para que éstas proporcionen información 
ecológicamente relevante y útil para guiar las medidas de gestión. 
 
Palabras clave: Bioindicadores, biomonitorización, estado ecológico, Posidonia 
oceanica, fanerógamas marinas, múltiples impactos, aguas costeras, Mar 
Mediterráneo. 
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ABSTRACT 
The need to monitor the environmental condition of ecosystems worldwide has 
resulted in a large number of potential bioindicators being proposed in the scientific 
literature. However, only a few of them have been validated at the adequate scale 
to monitor environmental problems and to solve management questions. Here we 
compiled a large list of candidate seagrass indicators (59) obtained from the 
literature. We empirically validated them on a temperate seagrass ecosystem 
(Posidonia oceanica) across a wide anthropogenic gradient ranging from 
undisturbed to severely disturbed sites. We discarded about 75% of the candidate 
indicators because their lack of sensitivity at the relevant spatial scale for 
biomonitoring (i.e. 10s of km against 10s of m) or across the environmental quality 
gradient. This illustrates the need for a careful validation of indicators prior to their 
use in monitoring programs. Bathymetric variability strongly influenced indicator 
responses to the quality gradient. Deep meadows responded more clearly to 
differences in environmental quality, whereas shallow meadows were more 
influenced by natural sources of variability such as herbivory and physical 
disturbances. The 16 indicators unequivocally related to the environmental status 
gradient were representative of physiological, biochemical, individual, and 
population levels of biotic organization. Their combination was necessary to cover 
the entire environmental gradient and to reflect the multiple anthropogenic 
disturbances that are causing the gradient. The selection process of indicators 
described here is an important step that needs to take place before the integration 
of these indicators to extract ecologically-relevant information useful for policy, and 
management goals. 
 
Keywords: Bioindicators, biomonitoring, environmental status, Posidonia 
oceanica, seagrasses, multiple stressors, coastal waters, Mediterranean Sea. 
Chapter II 
45 
INTRODUCTION 
The increasing pace of human-induced environmental change worldwide has 
created a demand for effective bioindicators allowing its assessment and 
monitoring, and improving our understanding of its biological and ecological 
significance. However, the choice and combination of measurable, sensitive and 
integrative variables that adequately reflect these environmental alterations is still a 
challenge for the scientific community (Rice 2003). A bioindicator is an organism, a 
part of an organism, or a set of organisms that contains information on the quality 
of the environment or a part of the environment (Markert et al. 1999). Monitoring 
the time-integrative responses of bioindicators is useful for tracking anthropogenic 
influences on ecosystems over space and time. To be useful, however, it is 
essential that the chosen indicators respond clearly and unequivocally to human 
induced environmental degradation at scales relevant to management objectives.  
Due to the basic problem of scale in ecology (sensu Levin 1992), many 
indicators that are unequivocally related to environmental changes at a given scale 
can become unusable when applied at other scales. Since most habitats are 
spatially heterogeneous, sampling at small scales does not always directly scale up 
(Schneider et al. 1997). Consequently, indicators that have been validated using 
manipulative or correlative approaches in only one location may not be useful for 
biomonitoring programs that are usually deployed at much larger scales in several 
locations (e.g. kilometers or tens of kilometers apart; see Morrisey et al. 1992). 
Additionally, multiple sources of variation (natural and anthropogenic) may interact 
at large scales, often causing confusing results (Norkko et al. 2006). It is therefore 
important to carry out a preliminary assessment of an indicator’s variability at a 
range of scales along an environmental gradient, and to specifically test the scale 
of interest (e.g. between-sites variation) against smaller-scale variations using 
nested sampling designs (Morrisey et al. 1992, Niemi et al. 2004).  
The extent to which natural gradients may affect the indicator adequacy is 
another critical consideration. Since communities vary along natural gradients (e.g. 
light or temperature gradients, see Margalef 1998), a sampling design should 
reduce to a strict minimum the contribution of such natural gradients to the 
variability of the measured attributes (Markert et al. 1999). Moreover, the 
interaction between natural and human factors should be examined (Norkko et al. 
2006), and sampling performed where (and when) indicators show a response to 
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alterations separable from responses to natural causes. For example, in relation to 
marine plants, depth has large effects on most physiological, morphological and 
structural parameters (Cooper & DeNiro 1989, Alcoverro et al. 2001a), and these 
effects should be clearly understood in designing and interpreting monitoring. 
Because of the complexity of biological systems, their inherent high variability, 
and the influence of multiple environmental factors or stressors, the search for 
indicators should not be confined to only one level of biological organization (Niemi 
et al. 2004). The effects of stressors on the biota can be studied at different 
biological levels, ranging from the metabolism of a single organism to complex 
communities. The response time of indicators to stressors generally increases with 
the structural complexity, while their specificity decreases (Adams & Greeley 
2000). Therefore, a multi-level approach provides a more complete understanding 
of both lethal and sub-lethal effects of stressors, and helps in the interpretation of 
complex environmental gradients where multiple types of impacts interact (Harding 
1992, Adams 2005).  
The requirements to be ideal biological elements from which to obtain 
bioindicators are clearly fulfilled by seagrasses (Orth et al. 2006a). These marine 
flowering plants are ecosystem engineer species (sensu Wright & Jones 2006), 
and are found widely distributed in shallow coastal waters around the world except 
Antarctica (Spalding et al. 2003). They are extremely sensitive to changes in their 
environment such as availability of light (Longstaff & Dennison 1999) and nutrients 
(Udy & Dennison 1997a) and, in particular, to human-induced disturbances (Walker 
& McComb 1992), which have resulted in seagrass losses reported worldwide 
(Orth et al. 2006a). All these reasons have led to the identification of seagrass 
meadows as a benchmark of overall environmental health of aquatic systems by 
various governments and institutions worldwide (Council of Australian 
Governments, COAG, Water Reform Framework of 1994, in Australia and New 
Zealand; Water Framework Directive, WFD 2000/60/EC, in the European Union; 
Clean Water Act, CWA, of 1972, and Endangered Species Act, ESA, of 1973, in 
the United States). Moreover, a large body of research has focused on seagrass 
biology and ecology, and on seagrass responses to different stressors or impacts 
at different levels (physiology, population dynamics, trends in community 
composition, see Table 1). This provides an excellent scientific basis to use these 
organisms and their associated ecosystems as indicators for assessing human-
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induced environmental changes, in systems where these species occurred or have 
occurred in the past. 
In this study, we performed a selection process of optimal seagrass indicators 
for biomonitoring the environmental status of coastal waters. Firstly, we collated a 
list of ca. 60 candidate indicators based on previous knowledge of specific 
responses of seagrass ecosystems to diverse stressors at different levels of the 
biological organization. Secondly, we empirically validated and tested their 
indicator value on a temperate seagrass ecosystem (Posidonia oceanica) along an 
existing and documented environmental status gradient (independently assessed) 
within a relatively large geographical scale (ca. 500 km). We used a nested 
hierarchical design to test the effects of spatial scale at two different depths, and 
we applied multivariate techniques to explore the behavior of candidate indicators 
in a continuous way, to detect redundancy between potential indicators, and to 
verify that the combined suite of selected indicators behave together as expected 
along an environmental gradient. Additionally, we tested whether any of the 
descriptors selected individually discriminated between the entire gradient of 
environmental quality. 
 
 
METHODS 
List of candidate indicators 
The preliminary list of candidate indicators was based on an exhaustive 
bibliographical review, from which we identified 59 seagrass attributes at different 
levels of biological organization. All attributes were sensitive to environmental 
changes, and their response to environmental deterioration is well documented 
(summarized in Table 1).  
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Table 1. Preliminary list of seagrass descriptors with potential indicator value and supporting 
reference(s) of the expected responses to increasing man-induced environmental stressors (? or 
? denotes increase or decrease, respectively). References are shown on Annex at the end of the 
chapter. 
 
Expected response to increasing anthropogenic disturbances and 
reference(s) 
 
Biotic level and descriptors 
Light deprivation
Nutrient 
inputs 
Metals 
Organic 
matter / 
Anoxia 
Mechanical / 
Sedimentary 
disturbances 
Aquaculture 
(a) 
Physiological and biochemical level       
N and P content in seagrass tissues (b) ? 74, 89, 67, 60 ? 37, 87, 
85, 36, 5, 
23, 86, 60, 
58 
   ? 37 
Free amino acid content in seagrass 
tissues 
? 47 ? 37, 84, 
87, 85, 36, 
86 
? 72   ? 37 
C content, and carbohydrate reserves 
in seagrass tissues 
? 74, 46, 2, 75, 4, 
67 
? 84, 36, 5  ? 35 ? 6 ? 73, 15 
δ13C in seagrass tissues  ? 47, 29, 1   ? 34   
δ15N in seagrass tissues  ? 37, 29, 
56, 57, 12, 
92 / ? 87, 
85, 61, 86 
  ?/?6 ? 90 
δ34S in seagrass tissues    ? 11 ?/? 65, 25   
Trace metals in seagrass tissues   ? 72, 11, 
8, 21, 68, 
22, 55, 
77, 69, 48
 
 ? 70 
Individual level 
Plant morphological descriptors (e.g. 
shoot biomass, nº of leaves, leaf 
length) 
 
? 74, 47, 75, 78, 
28, 64, 89 / ? 79 
 
(c) ?/? 87, 
42, 79, 66, 
89, 44, 33 
 
? 13 / ? 
55 
 
? 19, 35 
 
? 41, 10, 59 / ? 
53 
 
? 73, 15, 18 /  
? 71, 16, 70 
Shoot necrosis  ? 5, 88 ? 49, 50 ? 82   
Population level        
Shoot density and meadow cover ? 74, 47, 75, 79, 
28, 67 
? 79, 38, 
80, 7(d) 
 ? 82, 35 ? 24, 80, 7, 41, 
30, 51, 6, 10, 59 
? 73, 15, 71, 
9, 14, 70, 18 
Rhizome growth type (plagio/orto)     ? 24, 26  
Rhizome baring     ? 24, 52, 53, 17 ? 54 
Community level       
Leaf epiphyte biomass ? 74, 64, 60, 83 ?31, 40, 91, 
41, 63, 62, 
3, 81, 44, 83
? 55 / ? 
71 
  ? 15, 71, 16, 
9, 70 
N and C content in leaf epiphytes ? 39 ? 45     
Herbivore pressure  ? 76, 41, 
33, 27 
   ? 73, 71, 14, 
70, 18 
 
(a) Since studies are unable to discern which factor (light reduction, nutrients and organic matter increases) or interactions lead to the effects caused by aquaculture 
activities, we show the effect of this activity separately; (b) The ratio leaf N / leaf mass has been described as a sensitive indicator of early eutrophication (43); (c) ?/? 
depending on the existence or not of growth limitation by specific nutrients (20) or/and on the presence/absence of grazers (32); (d) Indirect effect of shading due to 
phytoplankton or epiphyte overgrowth enhanced by nutrient enrichments has been suggested as a major likely cause of seagrass (density and cover) losses (63, 81, 31, 
83). 
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Study area and anthropogenic pressure gradient 
The study was conducted along the Catalan coast (ca. 500 km of coastline) in NE 
Spain (42º19’N, 3º19’E to 41º02´N, 1º00´E, Fig. 1). This area is densely populated, 
with ca. 4.5 million people living in coastal municipalities, and suffers a strong 
tourist pressure, as more than 20 million tourists per year visit it, most of them in 
summer (Generalitat de Catalunya 2003). Human pressures are unevenly 
distributed; beach regeneration, big harbours, large cities and main industrial areas 
(Barcelona and Tarragona) are localised in the central part, and are uncommon in 
the northern and southernmost coasts. Other anthropogenic pressures are 
agricultural practices outside of metropolitan areas, the discharge of the main river 
Ebro in the southernmost coast, and fishing mainly in the northern coast. Healthy 
sites, including some marine protected areas, can be found in the northern coast. 
 
Quadrats 50x50 cm placed at 1, 4 and 7 m in the 7m length lineal transects
Quadrats 40x40 cm – randomly placed
Shoots – randomly sampled
Lineal transect of 50m length
Lineal transects of 7m length placed in three random directions (T1, T2, and T3)
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T1
T3
T2
1 m
7 m
4 m
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Figure 1. (a) Location of the sampling sites (black triangles) along the Catalan coast (NE 
Spain), where main rivers, larger cities (grey circles), and marine protected areas (semi-
circles in the northern coast) are shown; and (b) sampling design to test the spatial 
variability within each sampling site. Three circular zones (A, B and C) of ca. 300 m2 were 
marked to obtain both in situ measurements (quadrats of 50x50 cm for cover and 40x40 cm 
for shoot density) and shoots (only 3 are shown in the scheme for the sake of clarity). 
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We sampled in sites encompassing the maximum range of environmental 
quality in the area. To this end, the status of potential sampling sites was first 
determined based on independent available information. Data on chlorophyll-a and 
water transparency (Secchi readings), algal bioindicators (cartography of littoral 
and upper-sublittoral rocky-shore communities, CARLIT), and global pressure from 
human activities were compiled and used to classify potential sites into three 
categories (Table 2): (1) healthy (not or slightly disturbed), (2) intermediate 
(moderately disturbed), and (3) unhealthy (severely disturbed). According to this, 
we chose nine sites as representative of these three categories (Table 3). The 
minimum and maximum spatial distances between two adjacent sites was 5 and 70 
km respectively, and the distance between the northernmost and the southernmost 
sites was 360 km (Fig. 1). 
 
Table 2. Range of values for the different criteria used for the environmental status assessment of 
sites, and supporting references. Cartography of littoral rocky-shore communities (CARLIT). 
 
 
Physico-chemical parameters 
(Vila et al. 2005) 
Algal bioindicators  
Environmental 
status 
 
Environmental 
status value 
 
Chl-a range 
(µg l-1) 
Secchi range 
(m) 
CARLIT range 
(Ballesteros et al. 2007)  
Anthropogenic pressure 
(Agència Catalana de 
l´Aigua 2005) 
  Healthy  1  ≤ 2 > 12 > 0.60-1  Not-significant  
  Intermediate  2  > 2-4 12-10 > 0.40-0.60  n/a 
  Unhealthy  3  > 4 < 10 0-0.40  Significant 
 
Table 3. Values for the different criteria used and classification of the sites under study into the 
three environmental status classes based on Table 2. Physico-chemical parameter values were 
calculated by averaging sampling points near each meadow (averaged available data from 1994 to 
2001). Areas with a clear continental influence (river discharges) and/or heavily polluted (harbours) 
were not included in the calculations since Posidonia oceanica meadows are not present in these 
areas. Cartography of littoral rocky-shore communities (CARLIT) values were calculated using 
municipality data from 2001. The categorization of the anthropogenic disturbances is performed in 
only two classes (non-significant and significant), and values of 1 and 3 are respectively assigned 
to them. This assessment was performed prior to sampling. 
 
Chl-a 
value 
Secchi 
value Site- abbreviation  
(Camp et al. 2001) 
CARLIT value 
(Ballesteros et al. 
2001) 
Anthropogenic pressure value 
(Agència Catalana de l´Aigua 
2005) 
 
Average 
value 
 
Environmental 
status 
Jugadora (5m and 15 m)-Jug  1 1 1 1  1  Healthy 
Montjoi (5m and 15 m)- Mjoi  1 2 1 1  1  Healthy 
Montgó (15 m)- Mgo  1 1 2 1  1  Healthy 
Fenals (5m and 15 m)- Fen  1 1 1 3  2  Intermediate 
Mataró (15 m)- Mat  1 2 2 3  2  Intermediate 
Sitges (15 m)- Sit  2 3 3 3  3  Unhealthy 
Coma-ruga (15 m)- Coma  2 3 2 3  3  Unhealthy 
Torredembarra (5m)- Torr  1 3 1 3  2  Intermediate 
Mont-roig (5m and 15m)- Mrig  1 2 2 1  2  Intermediate 
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Sampling design and data acquisition 
From the nine sites, we selected eight deep meadows (15 m) and five shallow 
meadows (5 m, Fig. 1a). The absence of shallow meadows in unhealthy sites 
prevented us from examining the whole quality gradient at both depths. At each 
meadow, sampling was performed by SCUBA diving using two nested levels of 
spatial replication. Three ca. 300 m2 circular zones (10 m radius) were chosen at 
random along the same isobath, with the center of the zones separated at least 25 
m from each other. Within each zone, we obtained replicate samples to evaluate 
the following variables: (1) shoot density, rhizome growth type, and rhizome baring, 
which were measured in four 0.16 m2 (40x40 cm) quadrats randomly placed; (2) 
meadow cover, which was estimated in nine 0.25 m2 (50x50 cm) quadrats placed 3 
m apart from each other along lineal transects positioned in three random 
directions; and (3) 12 shoots, which were randomly collected for all variables 
requiring laboratory analysis (Fig. 1b). 
We performed all sampling in the shortest possible interval (one month; October 
2001), to avoid the masking effect of seasonal variability (Ward 1987, Alcoverro et 
al. 1995). Samples were stored and treated as required using common methods 
reported elsewhere (see Table 4). We obtained at least three replicate 
measurements for each descriptor in each sampling zone, except for free amino 
acid content, which was only measured in a single sample per zone (no estimate of 
small-scale variability) due to analytical constraints. 
 
Data analysis 
To examine the adequacy of candidate indicators, we first used a two-way nested 
analysis of variance (ANOVA) to test the variability at the scale of interest (i.e. 
between-sites variation) against smaller-scale variations. We partitioned the 
variance of each measured descriptor into differences between sites (i.e. along the 
environmental status gradient, fixed factor), differences between sampling zones 
(medium-scale spatial variability, random factor, nested in site) and within sampling 
zones (small-scale spatial variability, error term), and assessed their significance. 
To avoid the masking effects of depth, and due to the unequal number of sampled 
meadows, we analyzed data for deep and shallow meadows separately.  
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Table 4. Standard methods used to obtain in situ measurements and to process samples in 
the laboratory. 
 
Descriptor (and units) Sample size per zone (site) Standard method 
Physiological and biochemical level (Plant descriptors)* 
C, N and P concentrations 
(%DW) 
3 (9) Leaf 2 (a), and 
rhizomes (for P)  
CNH elemental analysis using Carlo-Erba autoanalyzer (for CN), or ICP(b) 
after acid (HNO3 / H2O) digestion at 100ºC, 24 h (for P).  
Free amino acids contents (total 
FAA, Asn, Ser, Pro, Arg, Gln, 
Ala, Asp, Val, Lys, His, Thr, Glu 
and Cit in µmol g-1 FW) 
1 (3) Rhizomes Ionic exchange chromatography after extraction from 0.5g of frozen 
tissues (-80ºC) grounded in 20ml of 0,05N HCl, centrifuged 5 min at 
10,000 rpm, and filtered (supernatant) using low-binding regenerated 
cellulose Millipore ultra-free filters (Invers et al. 2002).  
Soluble carbohydrates (mainly 
sucrose) contents (%DW)  
3 (9) Rhizomes  Extracted from 0.05g DW solubilized in hot EtOH (80ºC), and centrifuged 
at 4500rpm (4 times). EtOH was evaporated to dryness under a N2 
stream, extracts were redissolved in distilled water and analysed 
spectrophotometrically (λ=626nm) using anthrone assay standardized to 
sucrose (Alcoverro et al. 1999 and 2001b). 
Isotopic ratio δ13C, δ15N, δ34S 
(%o) 
3 (9) Leaf 2 (a) and 
scales (c)  
EA-IRMS(d) (for δ13C, δ15N) and IRMS (for δ34S).  
Metals (Fe, Mn, Zn, Cu, Ni, Pb, 
As, Cr in µg g-1DW)  
3 (9) Leaf 2 (a) and 
rhizomes 
Optic ICP(b) (for Fe, Zn and Mn) or mass ICP(b) (for the rest) analyses after 
acid digestion of 0.1 g DW in 4ml of HNO3 / H2O solution (3/1) at 100ºC, 
24 h (modified from Cai et al. 2000). The analytical procedure was 
checked using standard reference material (Ulva lactuca, CRM 279).  
Individual level (Plant descriptors) 
Number of leaves, maximal leaf 
length, and leaf width (cm) 
3 (9) Shoots Direct measurement of each shoot in the laboratory. 
Shoot biomass (g)  3 (9) Shoots Drying of leaves without epiphytes at 70ºC until constant weight 
Shoot necrosis (%) 3 (9) Shoots Calculation (as percentage) after quantifying the number of leaves with 
necrosis for each shoot in the laboratory. 
Broken leaves (%) 3 (9) Shoots Direct observation for each shoot in the laboratory of the frequency (as a 
percentage) of leaf apex broken. 
Population level (Meadow descriptors) 
Shoot density (shoots m-2) 4 (12) In situ 
measurements 
Shoot number was counted in a total of 12 quadrats of 0.16 m2, randomly 
placed over ca. 1000 m2 area, excluding zones with zero cover. 
Meadow cover (%) 9 (27) In situ 
measurements 
Visual estimation in a total of 27 quadrats of 0.25 m2 as one of the 
following classes (for each sub- quadrats): 0, 10, 25, 50, 75 and 100 % 
over a ca. 1000 m2 area. 
Rhizome baring (cm) 12 (36) In situ 
measurements 
In situ measurement of the distance between the sediment surface and 
the leaf base in 3 shoots per 0.16 m2 quadrat. 
 Rhizome growth type 
(plagio/orto) 
4 (12) In situ 
measurements 
In situ estimation of an index from 1 (totally plagiotropic) to 0 (totally 
orthotropic) in each 0.16 m2cm quadrats 
Community level 
 Leaf epiphyte biomass (mg g-1) 3 (9) Shoots Epiphytes were obtained by scrapping the leaf surface with a razor blade, 
and weighed after drying at 70ºC until constant weight. Results expressed 
relative to shoot biomass. 
Leaf epiphyte nutrients (%DW) 3 (9) Shoots Carlo-Erba CNH elemental analysis of dried and finely ground samples of 
epiphytes obtained by scraping the leaf surfaces with a razor blade. 
Herbivore (fish and sea 
urchins) bite marks (%) 
3 (9) Shoots Direct observation for each shoot in the laboratory of the frequency (as a 
percentage) of leaf apex eaten by the fish Salpa sarpa or by sea urchins 
(Boudouresque & Meinesz 1982).  
 
* Physiological and biochemical level descriptors were analysed from dried (70ºC, until constant weight) and finely ground samples, except FAA; (a) Physiological level 
descriptors vary with leaf age and are influenced by the presence of epiphytes. In order to avoid these sources of variability, the second youngest leaf in the shoot 
(without conspicuous epiphytes) was used; (b)ICP: Inductively Coupled Plasma spectrophotometry; (c) Isotopic traces of dead sheaths (scales) corresponding to one-year 
old and five-years old tissue (determined lepidocronologically) were analysed to assess its “memorization” capacity (Pergent 1990); (d) EA-IRMS: Elemental Analyzer 
Isotope Ratio Mass spectrometry.  
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Prior to the analyses, the dependent variables were tested for normality and 
homogeneity of variances using Kolmogorov-Smirnov and Cochran test 
respectively. We found departures from normality and homocedasticity in some of 
the variables analyzed. However, the large number of cases used led us to 
consider ANOVA to be robust enough to departures from these assumptions 
(Underwood 1997). ANOVAs were performed using STATISTICA v.7 software 
package. After these analyses, we only retained the descriptors for which 
differences among sites were significant. 
Secondly, we applied multivariate techniques to explore the behavior of 
variables in a continuous way. We used a Principal Component Analysis (PCA, 
Hotelling 1933) with the descriptors retained after the first step (ANOVA, see 
above) to identify common trends of continuous variations among descriptors, their 
correlation with environmental status, and to evaluate redundancy. Since our 
descriptors were not dimensionally homogeneous, we computed the principal 
components from the correlation matrix. Data of some descriptors (amino acid 
content, isotopic signatures, fish action marks, baring and rhizome growth type) 
were not available for one site (Torredembarra); this site was therefore added as a 
supplementary object in the PCA. As the first component clearly discriminated 
among healthy, intermediate and unhealthy deep meadows (see Results), those 
indicators that had the highest correlation (r > 0.70) with component I were 
selected. Exceptionally, we included some descriptors of high ecological relevance 
or sensitivity to specific anthropogenic disturbances with 0.60 < r < 0.70. 
Descriptors that lowly correlated with axis I were discarded.  
To verify that the combined suite of selected indicators behave as expected 
along an environmental gradient, and discriminate together among healthy, 
intermediate and unhealthy sites, we performed another PCA including only the 
selected indicators and using the deep-meadow dataset. An additional PCA was 
used to evaluate the variability between the zones of the same site. The software 
used for all multivariate analyses was the GINKGO package (De Cáceres et al. 
2007). Finally, to identify whether any individual indicators are able to discriminate 
between the three discrete environmental statuses along the gradient, we 
performed a three-way nested ANOVA that included environmental status (healthy, 
intermediate, and unhealthy, fixed factor), site (random factor, nested in status) and 
zone (random factor, nested in site). When significant differences were detected, a 
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one-way ANOVA using only the fixed factor (status) was carried out in order to 
allow a posteriori pair-wise comparison of means using the Newman-Keuls test.  
 
RESULTS 
The partition of total variance into the different sources of variability (between-sites, 
between-zones, and within-zones) largely differed between descriptors and 
sampling depths (Table 5, Appendices 1 and 2). In deep and shallow meadows 22 
and 24 descriptors showed no significant differences among sites, respectively, 
and were therefore discarded. Significant between-site differences (p < 0.05) 
existed for variables belonging to almost all levels of biological organization, and 
these were retained for the multivariate analysis.  
 
Table 5. Summary of two-way ANOVA results partitioning the variance into their different 
spatial components (among sites, between sampling zones, and within sampling zones) for 
each candidate descriptor. Discarded descriptors were those showing significant variability 
´Only between zones` or ´None`. 
 
2-way ANOVA  Descriptors showing significant variability (Total number of descriptors) 
Factors variability  Deep meadows  Shallow meadows 
Only between 
zones 
 
δ15N in 5 year old scales, Ni in leaves and 
rhizomes, and sea urchin action marks (4) 
 
δ34S in leaves; δ15N in 1 and 5 year old scales; 
number of leaves; shoot biomass and density;
rhizome growth type (7) 
Only between 
sites 
 
Asn, Ala, Ser, Pro, P, Fe, Mn, Cr, Cu, and 
sucrose in rhizomes; N, Mn, As, and Cu in 
leaves; δ13C in leaves, 1 and 5 year old 
scales; δ15N in leaves and 1 year old scales; 
leaf width; fish action marks, broken leaves, 
necrosis; and shoot density (24) 
 
Asp, Cit, P, Fe, Mn, Cr, Pb, As, Cu, and sucrose 
in rhizomes; C, Fe, Zn, Ni, Mn, Cr, As, Cu and P 
in leaves; δ13C in leaves, 1 and 5 year old scales; 
δ15N in leaves; leaf length and width; necrosis; 
fish and sea urchin action marks; meadow cover, 
N in epiphytes, (30) 
Both site and zone  
Fe, Zn, Pb, and Cr in leaves; δ34S in 1 year 
old scales; shoot biomass, maximum leaf 
length; meadow cover, baring level, and 
rhizome growth type; epiphyte C, N and 
biomass (13) 
 
N and Pb in leaves; Zn in rhizomes; C in 
epiphytes; δ34S in 1 year old scales (5) 
None  
C and P in leaves; δ34S in leaves and in 5 
year old scales, Zn, Pb, As in rhizomes, 
FAA, Arg, Gln, Asp, Val, Lys, His, Thr, Glu
and Cit in rhizomes, and number of leaves
(18) 
 
FAA, Asn, Arg, Gln, Ala, Val, Ser, Lys, His, Thr, 
Pro, Glu, and Ni in rhizomes; δ34S in 5 year old 
scales; broken leaves; rhizome baring; epiphyte 
biomass (17) 
Discarded descriptors  (22)  (24) 
Pre-selected descriptors  (37)  (35) 
 
 
The first two components of the PCA, including data from shallow and deep 
meadows, explained 32% (component I) and 14% (component II) of the variance. 
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Deep meadows showed relatively low scores on axis II, and their ordination along 
component I closely reflected their a priori defined environmental status (from 
healthy, left side, to unhealthy, right side; Fig. 2, Table 3). In contrast, shallow 
meadows had relatively low scores on component I, but their ordination along 
component II followed their a priori defined environmental status (Fig. 2).  
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Figure 2. Ordination diagram (object scores) of deep (circles) and 
shallow (triangles) meadows in the PCA performed using ANOVA-
selected descriptors. Colors denote the environmental status based on 
Table 3 as follows: white (healthy), grey (intermediate), and black 
(unhealthy). 
 
 
Descriptors that highly correlated with component I (see Fig. 3, and list below) 
were those the most clearly related to anthropogenic stressors. In contrast, 
descriptors that highly correlated with component II (e.g. herbivore action marks, 
leaf length and width, Fig. 3) were those substantially influenced by natural 
variability (e.g. herbivorism, physical settings), which potentially masked the 
response of descriptors to differences in environmental quality. Consequently, the 
descriptors that contributed little to the formation of component I were discarded 
(Fig. 3).  
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Figure 3. Factor loadings on the first two principal components of the PCA performed 
using ANOVA-selected descriptors. Descriptors that highly correlated with component I, 
and that are therefore the selected descriptors, are highlighted in bold. The other 
descriptors were discarded as indicators because: (1) they did not correlate with 
component I but were highly correlated with component II (Fish, dC leaf, dN leaf, N epi, 
dC scal 1 and 5, Width, Lmax, Pro, and Cr rhi); (2) they did not correlate with either 
component I or II (Baring, B shoot, Broken, and C epi); or (3) they weakly correlated with 
component I (Cu rhi, dN scal 1, Ala, Cr leaf, Mn leaf, N leaf, and B epi). Descriptors not 
significantly differing among deep meadows despite differing among shallow meadows 
are marked with an asterisk. Descriptor abbreviations are shown in the Appendix 3. 
 
Thus, the descriptors retained were those showing significant between-site 
differences in deep meadows (Table 5), and highly correlated with component I 
(Fig. 3, Appendix 3). These were: asparagine, serine, phosphorus, iron, 
manganese, and sucrose contents in rhizomes; iron, zinc, lead, arsenic, and 
copper contents in leaves; isotopic trace δ34S in 1 year old scales; shoot necrosis; 
meadow cover; shoot density; and rhizome growth type. These descriptors, 
measured in deep meadows only, were selected as reliable indicators to assess 
the environmental status of coastal waters. 
When using this selected subset of indicators, variability explained by 
component I increased to ca. 60%. Site ordination was conserved, and variables 
clearly clustered into two groups, one positively correlated with component I 
(variables for which high values indicates unhealthy status) and the other 
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negatively correlated (variables for which high values indicates healthy status; Fig. 
4). The medium-scale spatial variability (i.e. between-zones) of the 16 selected 
indicators was substantial, but lower than the variability among sites of different 
status (Fig. 5). The variability among zones did not change the positive/negative 
correlation with the component I of variables indicative of healthy/unhealthy 
conditions, nor the sites ordination pattern obtained (Fig. 6). 
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Figure 4. Ordination diagram (object scores) of deep meadows, and factor 
loadings of the descriptors (only the 16 selected). Colours denote the 
environmental status based on Table 3 as follows: white (healthy), grey 
(intermediate), and black (unhealthy). Descriptor abbreviations are shown 
in the Appendix 3. 
 
Finally, the three-way ANOVAs showed that only 10 of the 16 selected 
indicators detected significant differences among deep meadows of different 
environmental status. Of those, only four discriminated between all three 
environmental statuses (i.e. Zn, Pb, and Cu in leaves, and rhizome growth), whilst 
five discriminated unhealthy sites from others (i.e. Asn, P, and Fe contents in 
rhizomes; shoot necrosis; and meadow cover), and one discriminated healthy sites 
from others (i.e. sucrose content in rhizomes) following Newman-Keuls comparison 
test (Fig. 4, Appendix 4). 
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Figure 5. Values obtained for the descriptors selected as indicators of environmental status (mean + SE). The three bars represent the 
three zones within each meadow and are coloured in white (zone A), grey (zone B), and black (zone C). Signification of differences among 
statuses following three-way ANOVA (status, fixed factor; site and zone, random and nested factors) is showed for each descriptor (p-level 
significant at p < 0.05). Asterisks above the bars indicate which status was significantly different from the others in the Newman-Keuls test. 
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Figure 6. Ordination diagram (object scores) of results obtained for the different 
zones (only deep meadows) and factor loadings of the descriptors (only the 16 
selected). Colors denote the environmental status based on Table 3 as follows: white 
(healthy), grey (intermediate), and black (unhealthy). Descriptor abbreviations are 
shown in the Appendix 3, and sites names abbreviations are shown in the Table 3. 
 
 
DISCUSSION 
Biomonitoring is often an expensive and time-consuming activity. Therefore, the 
choice of optimal indicators that provide the most unequivocal information about 
the quality of the environment at the relevant spatial scale for management 
purposes is of utmost importance. After assessment of the behavior of a large list 
of potential biological indicators based on a temperate seagrass ecosystem, we 
found that, in the geographic area examined, only 16 seagrass descriptors out of 
the ca. 60 analyzed were unequivocally related to the environmental status 
gradient under study. The fact that only 25% of the candidate indicators considered 
adequately reflected the environmental quality of coastal waters illustrates the 
need for a careful validation of indicators prior to their use in monitoring programs.  
Indicator reliability was independent of biological organization level, as among 
the 16 retained descriptors there were representatives of physiological or 
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biochemical, individual, and population levels of biotic organization. When 
considered one by one, only three biochemical indicators specific of metal 
pollution, and one unspecific structural indicator (rhizome growth) responded 
adequately over the whole environmental gradient and discriminated between 
healthy, intermediate and unhealthy statuses. This is probably due to the fact that 
most environmental gradients result from a combination of anthropogenic 
pressures that interact in different ways, including both antagonistic and synergistic 
effects on plant bioindicators. Moreover, the complexity of the patterns and 
pathways of the existing pollutants interact with the high natural variability of 
biological systems, thus complicating the applicability of any single indicator (Niemi 
et al. 2004, Norkko et al. 2006). Consequently, a combination of indicators of 
different levels of biological organization and specificity is needed to cover the 
entire environmental gradient, and to reflect the different impacts that are causing 
the gradient. 
Although the descriptors from both shallow and deep meadows reflected the 
environmental quality gradient, responses were modified by depth as component I 
reflected the gradient in deep meadows whilst component II reflected it in shallow 
ones. Overall, the response of descriptors to the quality gradient was clearer in 
deep meadows, since the first component explained more than twice the variability 
of the second component. Additionally, the variability of the descriptors that most 
correlated to the second component was mainly caused by natural factors such as 
herbivory and/or physical settings, potentially confounding the interpretation of 
monitoring results. Indeed, it is known that the activity of the main herbivores is 
concentrated in the upper sublittoral zone (down to ca. 10 m, see Ballesteros 
1987a, Tomas et al. 2005), and that shallow meadows are subjected to greater 
physical disturbances (current and wave action), and to higher irradiances. All 
these phenomena combined have important effects on seagrass physiology, 
morphology and structure (Fonseca and Bell 1998, Frederiksen et al. 2004), and 
are conducive to high natural variability in shallow seagrass meadows (Krause-
Jensen et al. 2000, Middelboe et al. 2003).  
We used three arguments to discard descriptors from the large list of candidate 
indicators. A first set of descriptors was discarded because they failed to detect 
large scale (i.e. between-sites) variability due to the masking effect of high spatial 
heterogeneity at smaller scales (i.e. variability between-zones; see Table 5). This 
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medium-scale heterogeneity indicates that very local conditions (e.g. sediment 
composition, sea urchin patchy distribution; see Hebert et al. 2007, Ballesteros 
1987a) influence the variation patterns of these descriptors, making it difficult to 
generalise trends over large spatial scales without a substantial increase in 
sampling effort (Fonseca et al. 2002, Balestri et al. 2003). Additional causes 
explaining this lack of between-site differences can also be a low sensitivity to 
stress, the absence of specific pollution sources (in the case of some metals) or a 
poor resolution of the analytical methods.  
A second set of descriptors was discarded because, despite the fact that they 
varied significantly among sites, these differences were not correlated to the 
environmental status gradient in deep meadows. These descriptors (see Fig. 3) 
seemed mostly influenced by natural sources of variability such as herbivory and 
physical settings, and showed a low effect in ordering deep meadows. Those 
descriptors that manly differed among shallow meadows give the clearest example 
of variables showing this behaviour (see above). Other descriptors such as 
rhizome baring level and some plant morphological features (i.e. shoot biomass or 
broken leaves) are probably heavily influenced by storms or other episodic events 
causing short-term fluctuations in hydrodynamic forces or sediment level (Marbà et 
al. 1994, Fonseca et al. 2007). 
A third set of descriptors was discarded because they were only weakly 
correlated to component I (see Fig. 3). Although these descriptors seem to be 
linked to environmental status or to specific pollutants to some extent, their 
response appears to be influenced by interactions between different sources of 
pollution. For instance, interactions between metals (Campanella et al. 2001), and 
between metals and nutrients (Fourqurean & Cai 2001) have been described. 
Additionally, interactions may exist between different sources of anthropogenic 
nitrogen with distinct δ15N signature, such as fertilisers causing δ15N-depletion on 
seagrass (Udy & Dennison 1997) and aquaculture or sewage effluents causing 
δ15N-enrichment (Jones et al 2001). Similarly, the amount and nature of epiphyte 
loading is the result of various controlling factors, such as increases in nutrients 
that enhance epiphyte accumulation and/or leaf substrate growth, and grazing 
organisms that control epiphyte proliferation and/or feed on seagrass leaves 
(Hughes et al. 2004). The balance between these positive and negative within-
community interactions shifts along environmental gradients (Ferdie & Fourqurean 
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2004), and thus thwarts the indicative value of epiphyte biomass to discriminate 
among healthy and unhealthy systems (Frankovich & Fourqurean 1997). 
The suite of indicators here selected clearly and unequivocally respond to 
environmental degradation at scales relevant to management objectives. However, 
other concerns regarding the feasibility of their implementation should be taken into 
account before being used in extensive monitoring programs. Firstly, since 
seagrasses are widely distributed but not ubiquitous, their use is constrained by 
their distribution. For example, Posidonia oceanica is absent in heavily polluted 
areas or near river discharges. However, this limitation can be addressed by 
combining the monitoring results of other biological elements (Borja et al. 2004), or 
by implementing bioassays with transplanted seagrasses (Piazzi et al. 1998). A 
second concern stems from the fact that damaged P. oceanica beds show a 
remarkably slow recovery after disturbance (Meinesz & Lefevre 1984). 
Consequently, some of the most widely used indicators (e.g. meadow cover, shoot 
density) will not show any improvement until a long time after impact cessation 
(decades or centuries, Meehan & West 2000, González-Correa et al. 2005), and 
can obscure the real rates of environmental status recovery. However, other 
selected indicators (manly physiological level descriptors) recover quickly 
(Longstaff et al. 1999), and can better reflect specific actions taken to improve 
water quality. A third concern is due to the strong seasonal variability of most 
descriptors, especially physiological and biochemical, individual and community 
level descriptors (Ward 1987, Alcoverro et al. 1995). Great attention should be paid 
to remove seasonal variability by sampling at a fixed date, being October suitable 
at least for the selected indicators. Finally, caution should be exercised when 
applying the suite of indicators selected in this study in other areas of distribution of 
Posidonia oceanica or in habitats dominated by other seagrass species. On the 
one hand, environmental particularities of some areas may require some fine-
tuning of the selected suite of indicators. On the other hand, despite the fact that 
candidate indicators were selected on the basis of well documented responses of 
different seagrass species to disturbances (see Table 1), a selection process 
similar to the one conducted here is recommended when using other seagrass 
species. 
Finally, we consider aspects concerning the design of a cost-efficient monitoring 
program. Despite their very diverse nature, all 16 selected indicators have a 
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common source of variability, as demonstrated by their clustering on either side of 
component I, which was clearly correlated with environmental quality. This fact also 
implies that many of these indicators are highly correlated, suggesting a certain 
redundancy in the information they provide. For instance, meadow cover and 
rhizome growth type are highly correlated, as already observed by other authors 
(Francour et al. 1999). Moreover, both are expected to reflect shoot mortality due 
to a variety of stressors, although at different spatial scales (density: individual 
shoot mortality; cover: mortality in, at least, medium-sized patches). While logistic 
criteria can be used to design a cost-efficient monitoring program that obliterates 
redundant indicators, some amount of redundancy may be desirable to guarantee 
the robustness of monitoring results. This is especially true when taking into 
account a potential long-term inconsistency of the method, possible experimental 
errors, and given that marine ecosystems and threats to them are sufficiently 
diverse that indicators appropriate in one situation may not work in another 
(Harding 1992). However, the number of used indicators will also depend on the 
economic criteria, and will result from a certain trade-off among the required 
robustness and specificity, the spatio-temporal resolution, and the available 
financial support. The use of more holistic approaches, where several indicators 
are included, is increasingly being used in monitoring programs, and although they 
require a greater economical cost, the advantages are clear. 
We conclude that the selection of indicators for environmental biomonitoring is 
not only highly dependent on previous scientific knowledge and experience. 
However, our study highlights the need to empirically validate the responses of 
such candidate indicators at relevant spatial scales and over a whole existing 
environmental gradient. Additionally, our results show that a combination of 
indicators of different organization levels and specificity to stressors is a great 
asset when designing the protocol for an effective monitoring of environmental 
status. The process of selection of indicators unequivocally related to some kind of 
degradation of the system described here is an important step that needs to take 
place before these indicators can be integrated into a multimetric index for 
monitoring the environmental status. The choice of an adequate suite of indicators 
ensures the consistency of such multimetric indexes, provides an ecologically 
relevant interpretation of the response of biota to multiple stressors, and greatly 
facilitates attaining legislative, policy, and management goals. 
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RESUMEN 
Existe una creciente demanda de herramientas de vigilancia sensibles que 
anticipen la aparición de cambios severos en la integridad de los ecosistemas 
costeros a una escala espacial amplia. En este estudio evaluamos diversos 
descriptores de la comunidad epífita (composición específica, riqueza de especies 
y proporción de los principales grupos taxonómicos) que crece sobre las hojas de 
Posidonia oceanica como bioindicadores que potencialmente reúnen estas 
cualidades. Para ello examinamos su comportamiento a lo largo de un gradiente 
de degradación del estado de las praderas relacionado con presiones antrópicas, 
muestreado a diferentes escalas espaciales (10s de m, 10s de km) y a dos 
profundidades (5 y 15 m). Nuestros resultados muestran que la composición 
específica de la comunidad epífita refleja fielmente el estado de las praderas 
profundas (15 m), mostrando una respuesta integradora de los efectos de 
diferentes presiones antrópicas presentes en la región estudiada. A su vez, un 
aumento en la proporción de hidrozoos y una disminución en la proporción de 
rodófitas y clorófitas parecen indicar una alteración de la calidad ambiental. En 
praderas someras (5 m) el herbivorismo parece ejerce una mayor influencia sobre 
la longitud de las hojas, alterando la composición de la comunidad epífita, que 
muestra una respuesta menos clara a las presiones antrópicas. Por otro lado, la 
heterogeneidad entre o dentro de las praderas provoca una respuesta poco clara 
de algunos descriptores de la comunidad epífita a lo largo del gradiente. Los 
cambios en la composición específica de la comunidad epífita o en la proporción 
de los grupos taxonómicos mencionados emergen como herramientas 
prometedoras para la detección temprana del deterioro del estado de las praderas 
de fanerógamas marinas, lo que puede facilitar información útil para la toma de 
medidas antes de que una mayor degradación de los ecosistemas tenga lugar. 
 
Palabras clave: Bioindicador, Posidonia oceanica, fanerógama marina, epífitos, 
estado de la pradera, biomonitorización. 
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ABSTRACT 
The demand for sensitive and early-detection tools to assess coastal ecosystems 
status at broad spatial scales is increasing. Here, we evaluate the potential 
indicator value of various features of the epiphytic community (overall assemblage 
composition, species richness, and proportion of the main taxonomic groups) 
growing on the seagrass Posidonia oceanica leaves. We do so by examining their 
behavior along a gradient of meadow deterioration related to anthropogenic 
pressures, sampled at different spatial scales and at two different depths (5 and 15 
m). Our results show that the specific composition of the epiphytic assemblages 
closely reflects the overall status of deep (15 m) meadows, and reacts to the 
combined effects of the different stressors showing an integrative and non-specific 
response. Similarly, an increase in the proportion of hydrozoans, and a decrease in 
the proportion of rhodophytes and chlorophytes seem to indicate an impairment of 
the environmental conditions. In shallow (5 m) meadows, the response is less 
clear, probably due to the influence of herbivore activity that substantially modifies 
leaf length, which in turns clearly influences epiphyte assemblages. Similarly, 
important between- or within-meadows heterogeneity can also obscure the 
interpretation of the results obtained for some epiphyte features. The monitoring of 
changes in epiphyte assemblage or in the proportion of some taxonomic groups 
emerge as promising tools for early detection of the seagrass deterioration, helping 
managers to take actions before the occurrence of a major ecosystem degradation.  
 
Keywords: bioindicator, Posidonia oceanica, seagrass, epiphytes, meadow status, 
biomonitoring.  
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INTRODUCTION 
The protection of the integrity (structure and functioning) of coastal ecosystems has 
been identified as a priority in diverse national and international policies (EU 
Habitats Directive 92/43/EEC and Water Framework Directive, WFD 2000/60/EC; 
Environmental Monitoring and Assessment Program, EMAP 2002 derived by the 
US Clean Water Act, CWA; and Australian and New Zealand Water Quality 
Management Strategy, WQMS 1992). All these explicitly or implicitly include as a 
specific priority the adequate preservation or recovery of the status of seagrass 
meadows. Under these regulations, authorities are committed to develop and 
implement environmental management plans and decisions that minimize impacts 
on seagrass habitats, including comprehensive nutrient management schemes, 
restriction of uses on seagrass meadows, declaration of sanctuaries or protected 
areas, and awareness increase of the public and resource managers, among many 
others (Orth et al. 2006a). However, any management decision should be based 
on a reliable and consistent diagnosis of the status of seagrass meadows, and on 
the identification of actual or potential stressors. Over the past 20 years, these 
diagnoses have been mainly based on large-scale mapping (Larkum & West 1990, 
Waycott et al. 2005), underwater visual surveys of meadow structure and 
composition (Kirkman & Kirkman 2000, McDonnald et al. 2006), the study of the 
location and/or morphology of the deep limit of distribution (Duarte 1991, Krause-
Jensen et al. 2005), or on a combination of these approaches (Boudouresque et al. 
2000, Montefalcone et al. 2006). While these methods are usually well suited to 
detect seagrass decline, remedial actions are, for the most, not fully effective in 
stopping declines once they are detected (Bulthuis et al. 1984, Delgado et al. 
1999).  
There are still gaps in the understanding of the sub-lethal effect of human 
activities on seagrasses and their associated ecosystems, and there is a need to 
improve our capacity to detect alterations at an early stage to help managers to 
take actions before seagrass mortality or meadow regression occurs. Indeed, a 
substantial part of the ongoing research in this field is contributing to this aim, and 
a variety of sub-lethal seagrass responses to anthropogenic disturbances have 
been documented (see review in Martínez-Crego et al. in press). Going a step 
forwards, structural and sub-lethal descriptors have been combined to assess 
meadow status (Romero et al. 2007, Martínez-Crego et al. in press for the 
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Mediterranean seagrass Posidonia oceanica). By contrast, remarkably few studies 
have attempted to use the rich epiphytic communities that colonize seagrass 
leaves as indicators of ecosystem status (but see Piazzi et al. 2004). Epiphytic 
composition and abundance are mainly controlled by nutrient availability, physical 
constraints (hydrodynamic flows, sediment features) and biological interactions 
(grazing by herbivores, dispersion, competition for nutrients, light and space; see 
Neckles et al. 1993, Bell & Hall 1997, Wear et al. 1999, Lavery & Vanderklift 2002, 
Prado et al. 2007a). In addition to all these factors, several human activities such 
as industrial effluents (Cambridge et al. 1986), mining wastes (Marin-Guirao et al. 
2005), fish farming (Ruiz et al. 2001, Delgado et al. 1997 and 1999), discharge of 
drilling fluids (Price et al. 1986), and sewage and agricultural fertilizers inputs 
(Lapointe et al. 1994 and 2004, Hauxwell et al. 2003) can alter the composition and 
abundance of the epiphytic community. Moreover, short-lived species such as 
seagrass epiphytes react faster than their hosts to environmental changes 
(Silberstein et al. 1986). All these observations suggest that epiphyte communities 
can be effective and sensitive early-warning indicators of environmental 
deterioration. However, the composition of the epiphytic communities is highly 
variable in space and time. Natural patterns of spatial variation include depth 
gradients (Cinelli et al. 1984, Mazzella et al. 1989), spatial heterogeneity at small to 
large scales (Lavery & Vanderklift 2000, Piazzi et al. 2004, Balata et al. 2007), and 
variability on biotic seagrass features such as leaf length (Mazzella et al. 1989, 
Johnson et al. 2005). This variability can confound the interpretation of changes in 
the epiphytic community due to environmental deterioration, and should be 
carefully assessed prior to their use as bioindicators. 
In this study, we tested the hypothesis that the taxonomic composition of the 
epiphytic community that colonizes Posidonia oceanica leaves reflects the meadow 
status at a broad spatial scale. We did so by examining the changes of various 
features of the epiphyte assemblage’s composition (overall assemblage 
composition based on multivariate analysis, species richness, and proportion of the 
main taxonomic groups) along a gradient of meadow deterioration from healthy to 
unhealthy meadows, sampled at different spatial scales and at two different depths 
(5 and 15m). Specifically, we compared these potential indicators with the results 
of a monitoring method of seagrass status based on multiple seagrass descriptors 
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(Martínez-Crego et al. in press), and assessed their sensitivity to the stressors 
present in the region under study.  
 
MATERIALS AND METHODS 
Study area and sampling  
The study was conducted along the Catalan coast, ca. 500 km length, in NE Spain 
(NW Mediterranean; 42º19’ N, 3º19’ E to 41º02´ N, 1º00´ E), where nine locations 
were selected to encompass the maximum range of meadow statuses in the area 
(Fig. 1a). We selected eight deep meadows (Jugadora, Montjoi and Montgó as 
healthy, i.e. not or slightly disturbed; Fenals, Mataró, and Montroig as intermediate, 
i.e. moderately disturbed; Sitges and Comarruga as unhealthy meadows, i.e. 
severely disturbed), and five shallow meadows (Jugadora, and Montjoi as healthy; 
Fenals, Torredembarra and Montroig as intermediate meadows). This status 
gradient was independently established following a previously validated method 
based on 16 seagrass descriptors (Martínez-Crego et al. in press). The absence of 
unhealthy shallow meadows in the area under study prevented us from examining 
shallow meadows covering the whole status gradient. The minimum and maximum 
distances between two adjacent meadows were 5 and 70 km respectively, and the 
distance between the northernmost and the southernmost meadows was 360 km 
(Fig. 1a). 
Sampling was performed at either 5 or 15 m depth (shallow and deep 
meadows, respectively) by Scuba diving in three 300 m2 circular zones (10 m 
radius) chosen at random in each meadow along the same isobath, and with the 
center of the zones separated 25 m from each other (Fig. 1b). Within each zone we 
collected the oldest leaves of three randomly chosen seagrass shoots, and placed 
them in plastic vials containing seawater with 5% formalin to preserve epiphytes for 
further taxonomic identification in the laboratory. We chosed to examine only the 
oldest leaf as representative of epiphyte assemblages since they contain the 
maximum number of epiphyte species, at least at the sampling depths of the 
current study (Cinelli et al. 1984). This also standardized against variability in 
epiphyte assemblages due to leaf age (Casola et al. 1987). 
We performed all sampling in the shortest possible interval (one month; October 
2001) to minimize seasonal variability (Ballesteros 1987b, Romero 1988). The 
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sampling period was chosen to coincide with the sampling period for the seagrass 
descriptors method (Martínez-Crego et al. in press).  
 
Sample collections – randomly placed
Lineal transect of 50m length
ZONE A
(0 m)
ZONE C
(50 m)
ZONE B
(25 m)
Zones of ca. 315 m2 area
Montjoi (15 and 5m)
Jugadora (15 and 5m)
Montgó (15m)
Fenals (15 and 5m)
Mataró (15m)
Sitges (15m)Comarruga (15m)
Torredembarra (5m)
Montroig (15 and 5m)
50 Km
0º 24´ E 1º 25´ E
41º 20´ N
42º 20´ N
(a)
(b)
N
Mediterranean
Sea
Spain
 
 
Figure 1. (a) Location of the studied meadows (black triangles) along the Catalan coast (NE 
Spain); and (b) sampling design to assess the spatial variability within each meadow, 
performed in three different circular zones (A, B and C) of ca. 300 m2. 
 
Laboratory work 
We first identified coralline algae and zooepiphytes in the laboratory. We then 
removed all the epiphytes using a razor blade, and sorted and identified the rest of 
the taxa to species level under a dissecting microscope. In addition, for each 
sampled leaf, we measured the length, and the state of the apex (broken, or eaten 
by sea urchin or fish; see Boudouresque & Meinesz, 1982). 
 
Data analysis 
For statistical analysis of the epiphyte assemblages and the taxonomic groups, we 
eliminated species that were present in two or less replicates. Of 129 identified 
taxa (see Prado et al. 2007a for a complete epiphyte list) only 92 were included in 
these data analyses.  
Epiphyte assemblages 
We used non-metric Multi-Dimensional Scaling analysis (NMDS, Kruskal & Wish 
1978) to construct ordinations of deep and shallow meadows based on Bray-Curtis 
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distance matrices (Bray & Curtis 1957). Each one of the three zones (three leaves 
per zone) within each meadow was represented separately, to assess within-
meadow variability. However, for numerical treatment of the scores (see below), we 
pooled data for the same meadow (nine leaves examined) and performed a new 
NMDS. We calculated the mean occurrence of each species as the number of 
leaves in which it was present divided by the number of leaves examined, and 
used them as untransformed data to construct the two dissimilarity matrices. As 
NMDS calculations do not maximize the variability associated with individual axes 
of the ordination (NMDS axes are arbitrary), we rotated the final solution using a 
Principal Components Analysis (PCA; Hotelling 1933) to cumulate the largest 
variance in the first axis. The software used was the GINKGO package (De 
Cáceres 2007). 
To examine the epiphytic species that contributed most strongly to 
dissimilarities between meadows of different status, we performed the Similarity 
Percentages (SIMPER) method (Clarke 1993) using the PRIMER software 
package. In order to avoid the potential masking effects of depth, and due to the 
different number of sampled meadows, we analyzed data for deep and shallow 
meadows separately. We established the species that mostly contributed to the 
dissimilarity using as an arbitrarily defined cut-off point a mean dissimilarity (δi) to 
standard deviation (SD(δi)) ratio of 2, so that the mean contribution was higher than 
the variation (Clarke 1993, Lavery & Vanderkliff 2002). 
Taxonomic groups and species richness 
We searched for differences in both the species richness and the proportion (as a 
percentage) of the main taxonomic groups of the epiphyte community (Xantophyta, 
cyanobacteria, chlorophyta, phaeophyta, rhodophyta, ascidian, bryozoan, and 
hydrozoan) between meadows of different status to explore their indicator value. 
Prior to the calculation of the mean species richness or proportion of the main 
taxonomic groups in each meadow, we pooled the presence/absence data of three 
oldest leaves (1 replicate per zone) to reach the minimal sampling area estimated 
by Ballesteros 1987b. In order to separate the effect of depth, and due to the 
different number of sampled meadows, we analyzed data for deep and shallow 
meadows separately. 
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Testing the response along the gradient and the influence of potential confounding 
factors 
To partition the variability of epiphytic assemblage into their different sources, we 
used a two-way nested ANOVA, with meadow status (healthy, intermediate, and 
unhealthy) as a fixed factor, and meadow (large-scale spatial variability) as a 
random factor, nested in status. The error term is considered an expression of 
within-meadow variability (random medium and small spatial scales). Dependent 
variables were NMDS axis I scores and NMDS axis II scores (for shallow and deep 
meadows respectively, see results), as an expression of the overall taxonomic 
composition, and the species richness and the proportion of each taxonomic group. 
Again, and for the same reasons as above, we analyzed data for deep and shallow 
meadows separately. The dependent variables were tested for normality using 
Kolmogorov-Smirnov test, and for homogeneity of variances using Cochran´s test, 
and transformed as appropriate if needed. The software used was STATISTICA v.7 
package. We then used Pearson correlations to compare the ordination obtained 
using epiphyte features (scores on NMDS axes, species richness, and the 
proportion of each taxonomic group) with the ordination of the same meadows 
obtained using a suite of seagrass descriptors (scores on axis I of a PCA, see 
Martínez-Crego et al. in press). Additionally, we also used Pearson correlations to 
test the potential influence of biotic features of the oldest leaves (length, and 
frequency of broken tips, and of herbivore action marks) on epiphyte assemblages’ 
features. Finally, we explored the possible co-variation of the epiphyte features with 
different measures of anthropogenic pressures affecting the region under study 
(see Table 1) to test their sensitivity to human-induced stressors. 
 
Table 1. Values of the most relevant pressures identified in the region under study (i.e. affecting at 
least 50% of the sampling sites, see Agència Catalana de l´Aigua 2005 for the values and the units 
used to quantify the different expressions). 
 
 Anthropogenic pressures (units) 
 
 Morphological disturbances 
 
Point and/or diffuse sources of pollution  Other pressures Meadows 
 Coastline constructions 
Beach 
regeneration  
Urban 
sewage
River 
outfall 
Agricultural soil 
use 
Urban soil 
use Tourism  Fishing  
All 
harbors 
  Jugadora   0 0  0 0 0.02 1 46  0 0 
  Montjoi   0 0  0 0 0 0.6 181  0 0 
  Montgó   0.01 0  0 0 0 4.9 189  0 0 
  Fenals   0.12 1.3  15 2.2 11.8 24.7 2 260  102.0 26.3 
  Mataró   0.48 295.8  84 0 80.8 72.2 3 374  344.0 86.2 
  Sitges   0.99 171.7  5 624 272.8 51.9 320.7 4 039  134.8 549.8 
  Coma-ruga 
  Torredembarra  0.30 86.9  52 8 64.2 61.2 5 429  24.0 57.4 
  Mont-roig   0.39 3.6  64 1.6 47.9 22.4 3 083  422.0 32.1 
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RESULTS 
Epiphyte assemblages 
The composition of epiphyte assemblages differed notably between the studied 
meadows, as indicated by the NMDS results. Axis I differentiated between shallow 
meadows of intermediate status (right side of the ordination diagram) and the rest, 
with the deep meadows having the most negative values on the first axis. Axis II 
mostly separated unhealthy deep meadows (upper side of the ordination) from 
intermediate and healthy ones (bottom side). The separation of shallow meadows 
by status was clearer along axis I than along axis II, whereas the separation of 
deep meadows by status was clearer along axis II than along axis I (Fig. 2).  
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Figure 2. Ordination diagram of samples (three samples, of three leaves each, for each 
meadow and depth) obtained from NMDS analysis (Bray Curtis distances, non transformed 
data). Deep meadows (circles) and shallow meadow (triangles) are coloured following the 
meadow status previously reported (healthy: white; intermediate: grey; unhealthy: black). 
 
The low stress value of the NMDS (0.032) indicates that the ordination in the 
reduced space was a good representation of the underlying dissimilarity values in 
the original space. After the NMDS axes rotation (final PCA) a slightly higher 
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variance was explained by axis I (52.6%) than by axis II (47.4%). The different 
zones within a meadow were close in the ordination pattern, indicating small within-
meadow variability, relative to between-meadow or between-status variability; this 
contention was further confirmed by ANOVA results (Table 2). 
Epiphyte assemblages discriminate between meadows of different status, as 
shown by the comparison of similarities between status and within status (SIMPER 
analyses). However, a large number of species (around 20) were needed to 
contribute to 50% dissimilarity between two different health conditions, making 
difficult the identification of indicator species, at least during the season of the 
study. In deep meadows, we found 21 species for which SIMPER yielded mean to 
SD ratios greater than 2. Only 2 of them, Laurencia chondrioides (common in 
healthy meadows), and Sertularia perpusilla (common in both intermediate and 
unhealthy meadows) contributed to the differences between healthy meadows and 
the rest, and only 5 (Champia parvula, Halecium pusillum, Obelia geniculata, and 
Bowerbankia gracilis common in unhealthy meadows, and Spermothamnion 
flabellatum common in both healthy and intermediate meadows) helped to 
discriminate between unhealthy meadows and the rest. Ceramium flaccidum and 
Dasya ocellata were common in healthy meadows and rare or absent in unhealthy 
meadows, whereas Clytia hemisphaerica was frequent in unhealthy but not in 
healthy meadows (Fig. 3a). Similarly, in shallow meadows, we found 16 species for 
which SIMPER yielded mean to SD ratios > 2. The species of epiphyte that mainly 
helped to discriminate between healthy and intermediate meadows were the 
hydrozoans S. perpusilla and Plumaria obliqua posidoniae as typical species of 
intermediate meadows, and the rhodophytes Crouania attenuata, Chylocladia 
verticillata, Chondria capillaris, Ceramium giacconei, Antithamnion cruciatum, 
Dasya corymbifera, and the cyanobacteria Calothix confervicola and Lyngbya 
sordida, and the bryozoan Aetea sica as typical species of healthy meadows (Fig. 
3b). 
 
Species richness  
Species richness highly varied among deep meadows, but this variability was not 
affected by the meadow status. By contrast, significant differences in species 
richness were evident between healthy and intermediate shallow meadows, being 
higher in the former than in the later (Fig. 4, Table 2). 
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Table 2. Partition of the variance of some leaf and epiphyte assemblage features into 
variability between statuses (healthy, intermediate, and unhealthy, fixed factor), between-
meadows (large spatial variability, random factor, nested in status) and within- meadows 
(medium and small spatial variability, error term). Percentages are calculated from the sum 
of squares. Sources of variation statistically significant (p < 0.05) are highlighted in bold. 
 
    Deep meadows   Shallow meadows 
  
Sources of variability 
 df Variance (%) p-level  df Variance (%) p-level 
Epiphyte assemblage          
 (NMDS scores) Statuses  2 70.0 0.035  1 94.2 0.001 
 Meadow  5 24.9 0.000  3 1.6 0.327 
 Within-meadow   5.1   10 4.2  
Species richness Status  2 16.2 0.564  1 89.5 0.003 
 (Number of species) Meadows  5 63.0 0.000  3 3.8 0.200 
 Within-meadow 16 20.8   10 6.7  
Taxonomic groups          
 (Percentages)          
     Hydrozoan Status  2 61.1 0.017  1 82.4 0.008 
 Meadows  5 15.0 0.131  3 6.3 0.202 
 Within-meadow   23.9   10 11.3  
     Bryozoan Status  2 40.4 0.136  1 7.2 0.572 
 Meadows  5 33.0 0.016  3 54.4 0.026 
 Within-meadow  26.6   10 38.3  
     Ascidian Status  2 2.1 0.642  1 0.1 0.929 
 Meadows  5 10.6 0.849  3 29.5 0.300 
 Within-meadow  87.3   10 70.4  
     Rhodophyta Status  2 51.5 0.042  1 31.8 0.201 
 Meadows  5 20.2 0.096  3 35.7 0.052 
 Within-meadow 16 28.3   10 32.6  
     Phaeophyta Status  2 33.7 0.075  1 0.0 0.975 
 Meadows  5 18.6 0.335  3 36.0 0.198 
 Within-meadow  16 47.8   10 64.0  
     Chlorophyta Status  2 47.3 0.027  1 0.3 0.803 
 Meadows  5 14.5 0.349  3 10.4 0.765 
 Within-meadow 16 38.3   10 89.4  
     Cyanobacteria Status  2 47.7 0.063  1 49.8 0.022 
 Meadows  5 23.6 0.065  3 7.8 0.623 
 Within-meadow 16 28.8   10 42.4  
     Xantophyta Status  2 7.2 0.507  1 4.8 0.495 
 Meadows  5 23.2 0.415  3 23.8 0.390 
  Within-meadow 16 69.6   10 71.4  
Features of the oldest seagrass leaf        
     Leaf length Status  2 26.2 0.223  1 86.2 0.004 
 Meadows  5 31.9 0.080  3 2.9 0.526 
 Within-meadow 16 41.9   9 10.9  
     Herbivore marks Status  2 7.5 0.626  1 61.7 0.049 
 Meadows  5 36.7 0.118  3 17.9 0.087 
 Within-meadow 16 55.7   9 20.4  
     Broken tips Status  2 6.8 0.472     
 Meadows  5 19.5 0.536     
  Within-meadow 16 73.6      
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Figure 3. Diagram showing the average similarity within each status, the average similarity shared between each pair of statuses (grey lines and 
percentages), and the distribution of discriminating species between: (1) Healthy-Intermediate; (2) Healthy-Unhealthy; and (3) Intermediate-Unhealthy 
meadows, following SIMPER results from deep (a) and shallow (b) meadows datasets. Species only present in one meadow status are marked with an 
asterisk. 
 
(a) (b)
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Figure 4. Mean (+SE) species richness of P. oceanica epiphytes in each studied meadow 
(n=3 replicates of 3 pooled leaves). Mean (+SE) species richness of meadows of different 
status (healthy, white bars; intermediate, grey bars; and unhealthy, black bars) is shown in 
parentheses above the bars. 
 
 
Taxonomic groups  
Rhodophytes were the dominant group at both sampling depths, representing ca. 
50% of the number of species found. The proportion of algal species was higher in 
healthy meadows than in the rest, while zooepiphytes represented 20% of species 
in healthy meadows and 30-35% in intermediate and unhealthy meadows. 
Differences between deep and shallow meadows were mainly due to the absence 
from shallow meadows of some bryozoans (Microporella ciliata, Umbonulla 
ovicellata, Crisia occidentalis, Mimosella gracilis, Bugula germanae, and B. 
gracilis), one hydrozoan (Stylactis inermis), some phaeophytes (Dictyota linearis 
and Dictyopteris polypodiodes), and to the higher proportion of chlorophytes in 
shallow than in deep meadows. 
In deep meadows, hydrozoan species increased, and rhodophyta and 
chlorophyta species decreased from healthy to unhealthy meadows (Fig. 5), 
showing significant between-status variability (Table 2). In shallow meadows, an 
increase in hydrozoan species, and a decrease in cyanobacteria species from 
healthy to intermediate meadows was detected (Fig. 5), also showing significant 
between-status variability (Table 2). 
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Figure 5. Mean frequency (as percentages) of the main taxonomic groups in deep and 
shallow meadows.  
 
 
Testing the response to the status gradient and the influence of potential 
confounding factors 
For deep meadows, Pearson correlation coefficients revealed a very good 
agreement between meadows status quantified using multiple seagrass descriptors 
(Martínez-Crego et al. in press), and epiphytic composition expressed by axis II 
scores of NMDS analysis. Meadow status also correlated well with the proportion 
of hydrozoans and chlorophytes (Table 3). In addition, all these epiphyte features 
showed significant correlations with more than 50% of the main anthropogenic 
pressures affecting the region under study (Table 4).  
For shallow meadows, the correlation between status derived from multiple 
seagrass descriptors and the ordination of meadows along axis I of NMDS was 
high but non significant, probably due to the reduced number of meadows (Table 
3). Moreover, the ordination of shallow meadows expressed by axis I scores of 
NMDS analysis was not significantly correlated with any of the anthropogenic 
pressures (Table 4). Species richness was not significantly correlated with meadow 
status (Table 3) or with the anthropogenic pressures (Table 4) at any of the two 
sampling depths. 
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Table 3. Pearson correlation coefficients (r) between seagrass status (deep meadow scores along component I in a PCA, see text), and some features of 
the oldest leaf, and the tested features of the epiphyte composition in both deep and shallow meadows. Correlations in bold are significant at p < 0.05, and 
with and asterisk at p < 0.01. 
 
  Deep meadows (n=8)  Shallow meadows 
  Meadow status Features of the oldest seagrass leaf  Meadow status   Features of the oldest seagrass leaf (n=5) 
  (PCA scores) Broken tips Herbivore bite marks Leaf length 
 (PCA scores, n=4)  Broken tips Herbivore bite marks Leaf length 
Epiphyte assemblages             
     NMDS scores  0.84* -0.66 -0.52 -0.85*  0.94  -- 0.84 -0.97* 
Species richness  -0.32 0.76 0.23 0.87*  -0.88  -- -0.80 0.96 
Taxonomic groups            
     Hydrozoans  0.85* -0.61 -0.24 -0.69  0.98  -- 0.78 -0.95 
     Bryozoans  0.49 -0.52 -0.70 -0.55  -0.24  -- -0.11 0.32 
     Ascidians  0.43 -0.25 -0.67 -0.13  -0.08  -- -0.07 0.05 
     Rhodophyta  -0.61 0.60 0.43 0.71  -0.86  -- -0.52 0.66 
     Phaeophyta  -0.07 0.33 0.26 0.11  -0.45  -- -0.12 0.15 
     Chlorophyta  -0.78 0.45 0.71 0.62  0.62  -- -0.26 -0.10 
     Cyanobacteria  -0.56 0.22 0.16 0.16  -0.98  -- -0.95 0.94 
     Xantophyta  -0.25 0.24 0.44 0.29  0.30  -- 0.20 -0.40 
Meadow status  -- 0.40 -0.16 0.34  --  -- 0.92 -0.95 
 
Table 4. Spearman correlation coefficients (r) between the different studied measures based on epiphyte assemblage composition and the main 
anthropogenic pressures affecting the region under study (see Table 1) in deep and shallow meadows. Only taxonomic groups that significantly vary 
between statuses (Table 2) are shown. Correlations in bold are significant at p < 0.05, and with and asterisk at p < 0.01. 
 
    Deep meadows (n=8) Shallow meadows (n=5) 
 
Epiphyte 
assemblages  
Species 
richness  Taxonomic groups 
Epiphyte 
assemblages
Species 
richness Taxonomic groups Anthropogenic pressures 
 
(Axis-II NMDS 
scores) 
(Number of 
species)  Hydrozoan Rhodophyta Chlorophyta 
(Axis-I NMDS 
scores) 
(Number of 
species) Hydrozoan Cyanobacteria 
  Coastline constructions  0.73 -0.20  0.73 -0.61 -0.77 0.74 -0.74 0.89 -0.89 
  Beach regeneration  0.85* -0.46  0.76 -0.81 -0.80 0.62 -0.62 0.71 -0.97* 
  Urban sewage  0.78 -0.22  0.71 -0.66 -0.83 0.71 -0.71 0.88 -0.88 
  River outfall  0.76 -0.24  0.85* -0.57 -0.78 0.74 -0.74 0.66 -0.89 
  Agricultural soil use  0.86* -0.50  0.73 -0.90* -0.78 0.42 -0.53 0.50 -0.88 
  Urban soil use  0.83 -0.45  0.86* -0.76 -0.72 0.69 -0.76 0.61 -0.84 
  Tourism  0.90* -0.52  0.93* -0.79 -0.88 0.52 -0.46 0.58 -0.98* 
  All harbors   0.88* -0.39  0.81 -0.76 -0.86* 0.62 -0.62 0.71 -0.97* 
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Figure 6. Mean (+SE) leaf length, frequency of broken tips, and frequency of 
herbivore action marks observed on the oldest seagrass leaves examined. 
 
Seagrass leaf features varied greatly between sampling depths. While the 
frequency of broken tips was similar at both sampling depths, the oldest leaf was 
longer in deep than in shallow meadows, and a higher percentage of leaves from 
shallow meadows showed marks of herbivory. In deep meadows, leaf features did 
not vary with meadow status (Table 2, Fig. 6). In contrast, shallow meadows of 
intermediate status showed significantly shorter leaves and a higher frequency of 
herbivore bite marks than healthy shallow meadows. Leaf length significantly 
influenced both the epiphytic composition (as shown by the negative correlation 
with meadow scores obtained using NMDS), the species richness at both sampling 
depths, and hydrozoans and cyanobaceria proportion only in shallow meadows. 
Cyanobacteria proportion was also significantly influenced by the frequency of 
herbivore bite marks in shallow meadows (Table 4).  
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DISCUSSION 
Both the micro-taxonomy (i.e. species composition) and some features of the 
macro-taxonomy (i.e. the abundance of some groups such as hydrozoans and 
chlorophytes) of the epiphytic assemblages growing on Posidonia oceanica leaves 
reflect the status of deep meadows. The sensitivity of the taxonomic composition of 
different communities to environmental deterioration has been repeatedly 
demonstrated, often using multivariate tools (Hewitt et al. 2005). However, as far 
as we are aware, this is the first time it has been successfully documented in the 
epiphyte community of seagrass leaves.  
The approach based on the epiphytic community presented here reflects overall 
seagrass condition, and reacts to the combined effects of different stressors 
present along the gradient examined, showing an integrative and non-specific 
response that can be useful for monitoring purposes. However, our study shows 
that natural factors can add a substantial amount of variability to the epiphytic 
community composition. Factors such as water depth, within- and between-
meadow heterogeneity, and biotic seagrass features influence seagrass epiphyte 
communities, and the interactions of these factors with the status gradient needs to 
be more clearly understood before the effective use of epiphyte features as 
bioindicators.  
Depth clearly modifies the responses of the epiphytic community to the 
deterioration gradient. Changes in the composition of leaf epiphyte assemblages in 
deep meadows reflect the ecological status of P. oceanica beds, and seem to 
respond to the main anthropogenic stressors affecting the region under study. In 
contrast epiphyte composition in shallow meadows is apparently less sensitive. It 
has to be acknowledged that the reduced number of shallow meadows sampled 
and the absence of unhealthy shallow meadows could have precluded the 
detection of clear patterns. However, leaf length and herbivore activity display high 
variability in shallow meadows, which in turn influence epiphytic assemblage 
composition, species richness, and the proportion of hydrozoans and 
cyanobacteria. Specifically, we found that in Fenals, Montroig and Torredembarra 
(shallow meadows of intermediate status) leaves were shorter and were also more 
often eaten by herbivores. Concomitantly, they displayed lower species richness 
than leaves from Jugadora and Montjoi (healthy shallow meadows). The intense 
herbivore activity by the fish Sarpa salpa and the sea urchin Paracentrotus lividus 
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in these shallow meadows (see also Prado et al. 2007b), results in the loss of the 
apical part of the leaf, where the algae are much more abundant (Casola et al. 
1987). This induces a relative increase of zooepiphytes (mainly hydrozoans) in 
shallow meadows more intensively affected by herbivore activity. The increase in 
herbivore activity is not unequivocally linked to human impacts, and, therefore, 
herbivore activity and consequently leaf length confound the interpretation of 
results in shallow meadows. 
A second aspect to take into account is the horizontal (depth-independent) 
spatial variability. Heterogeneity in epiphyte composition at different spatial scales 
can add a substantial amount of variability, obscuring the interpretation of results 
and making difficult their use in monitoring programs (Piazzi et al. 2004). We found 
an important variability between meadows of the same status for species richness 
in deep meadows, and for bryozoan species at both sampling depths, whereas an 
important within-meadow variability was found for ascidian, phaeophytes, and 
xantophytes at both sampling depths and for chlorophytes in shallow meadows. In 
contrast, overall composition of epiphyte assemblages, hydrozoan, rhodophytes 
and chlorophytes in deep meadows differed following the different meadow 
statuses, and showed very low variability both within-meadow and between 
meadows of the same status. Therefore, these variables appear as adequate for a 
cost-effective monitoring of meadow status.  
In the case of taxonomic groups, a previous study of Piazzi et al. (2004) did not 
detect differences in the status of P. oceanica meadows by measuring the 
percentage of epiphyte cover per group. By contrast, in the present study, an 
increase in the proportion of hydrozoans, and a decrease in rhodophytes and 
chlorophytes from healthy to unhealthy meadows seem to indicate an impairment 
of environmental conditions. These findings closely mirror the results of Balata et 
al. 2007, who found a low cover of encrusting algae, and a high abundance of 
hydrozoans and of filamentous algae in a moderately disturbed P. oceanica 
meadow. Other studies have reported more dramatic changes in the epiphyte 
community associated to seagrass beds than those found here. In some cases, 
blooms of mat-forming macroalgae, such as the greens Enteromorpha spp., 
Cladophora spp., Ulva spp., the reds Polysiphonia spp., Spyridia filamentosa, or 
the brown Dictyota spp. have been found under severe eutrophication (Cambridge 
et al. 1986, Tomasko & Lapointe 1991, Lapointe et al. 1994, Delgado et al. 1999). 
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These increases in epiphyte loads have been suggested as one of the main 
causes of seagrass decline, through reduction of the light available to the 
photosynthetic tissues of the plant (Cambridge et al. 1986, Silberstein et al. 1986, 
Hauxwell et al. 2003). The potential role of epiphytes in the decline of seagrasses 
emphasizes the utility of investigating relatively small changes in epiphyte 
composition as early warning indicators of meadow status deterioration before 
overloads by epiphytes become a major threat for seagrass survival. From this 
point of view, the identification of epiphyte indicator species would be of great help. 
However, it has to be acknowledged that our work has a limited value at this 
respect due to the sampling period. In fact, at the time of sampling (Autumn), the 
epiphyte community is manly dominated by encrusting Corallinaceae as previously 
found by other authors (Battiato et al. 1982, Ballesteros 1987b, Romero 1988, 
Mazzella et al. 1989). Only Pneophyllum spp. and some scattered turfs of Giraudia 
sphacelarioides are present as representative of the algal group typically living on 
P. oceanica leaves (as defined by Boudouresque, 1985). Species richness (Cinelli 
et al. 1984) and epiphyte biomass (Romero 1988) reach a maximum in late 
summer at the sampling depth of the current study, and it is possible that studies 
conducted during summer could more effectively yield valuable indicator species.  
Finally, we highlight that the epiphyte community-based (present study) and 
seagrasses descriptors-based approaches (Martinez-Crego et al. in press) respond 
to human induced stress in parallel, offering two alternate strategies for assessing 
and monitoring environmental status. The major shortcoming of the analysis of the 
epiphyte assemblage is the need for high-level taxonomic expertise, although it 
requires less laboratory equipment relative to the seagrass descriptors method. 
Less expertise is needed when working with a lower taxonomic resolution such as 
the proportion of hydrozoans, rhodophytes, and chorophytes, which also appear to 
provide reliable results. Moreover, it should be noted that whereas the seagrass 
descriptors-based method integrates responses of different specificity to stressors, 
the epiphyte community shows an integrative and non-specific response to multiple 
stressors. Finally, by collecting the oldest leaves just before these leaves fall 
(Autumn), epiphyte-based approach emerges as a relatively non-destructive tool. 
In summary, the monitoring of changes in epiphyte assemblages and in the 
proportion of some taxonomic groups in relatively deep meadows emerge as 
promising tools for early detection of the deterioration of seagrass meadow status. 
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The use of epiphyte assemblages in monitoring programs would help managers 
better target their conservation efforts and regulatory decisions to protect seagrass 
beds before irrefutable evidence of ecosystem degradation arises.  
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Chapter IV. 
A multivariate index based on the seagrass Posidonia oceanica 
(POMI) to assess the ecological status of coastal waters under the 
Water Framework Directive (WFD) 
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RESUMEN  
En este capítulo desarrollamos un índice multivariante basado en atributos 
estructurales y funcionales de los ecosistemas de Posidonia oceanica (P. oceanica 
Multivariate Index: POMI) para la evaluación del estado ecológico de las aguas 
costeras siguiendo los requisitos de la Directiva Marco del Agua. El POMI se basa 
en la combinación, mediante el análisis de componentes principales (ACP), de 
descriptores de la pradera (o métricas) obtenidos a diferentes niveles de 
organización biológica (fisiológico, morfológico, estructural y de comunidad), y 
unívocamente relacionados con la calidad ambiental. Los coeficientes del primer 
eje del ACP se han normalizado en una escala 0-1 (EQR), creando para ello una 
localidad de referencia óptima y una pésima a partir de los datos. El índice se testó 
mediante el muestreo de 22 praderas de Posidonia oceanica a lo largo de la costa 
catalana (ca. 500 km, Noroeste Mediterráneo). Los resultados muestran que las 
variables se agrupan en ambas direcciones del primer eje del ACP, lo que refleja 
la correlación entre ellas y con el estado ecológico. Además, los valores (EQR) 
obtenidos se correlacionan con las presiones antrópicas presentes en la región de 
estudio. El índice propuesto permite una evaluación rápida y relativamente simple 
del estado ecológico de las aguas costeras, y aporta considerable información 
ecológica que puede ser útil en el contexto de la gestión de las aguas costeras. 
 
Palabras clave: bioindicador, fanerógamas marinas, aguas costeras, índice 
biótico, Posidonia oceanica, Directiva Marco del Agua. 
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ABSTRACT 
We propose here a multivariate index based on structural and functional attributes 
of the Posidonia oceanica ecosystem (Posidonia oceanica Multivariate Index: 
POMI) to assess the ecological status of coastal waters following WFD 
requirements. POMI is based on the combination, through principal component 
analysis, of physiological, morphological, structural and community level seagrass 
descriptors (or metrics), univocally related to environmental quality. Scores on the 
first axis are normalized to a 0-1 scale (EQR) using reference and worst sites. The 
index was tested by sampling 22 seagrass beds in the Catalan coast (ca. 500 km, 
NW Mediterranean). The results show a clustering of variables on both sides of the 
first axis of the PCA, indicating a common relation of all metrics with ecological 
status. Moreover, the values (EQR) obtained reflect human pressure levels. The 
proposed index allows a practical and relatively simple assessment of the 
ecological status of coastal waters, and contains a considerable amount of 
ecological information, which can be useful for managing purposes. 
 
Keywords: bioindicators, seagrasses, coastal waters, biotic index, multivariate 
index, Posidonia oceanica, Water Framework Directive. 
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INTRODUCTION 
Aquatic systems worldwide are under increasing anthropogenic pressure, which is 
causing a significant water quality decline. This has led to the development of 
national or trans-national strategies aimed at conserve and/or recover the 
ecological quality of the aquatic environment. One sound initiative at this respect 
was the publication, by the European Union, of the Water Framework Directive 
(WFD 2000/60/EC), which establishes the basis of policies for the monitoring, 
protection and enhancement of the status of aquatic systems in the Member 
States. The main goal of the WFD is to achieve (or maintain at least) a “good water 
status” for all the European waters by 2015. This Directive introduces some novel 
views in the field of water management, such as the acknowledgement of the link 
between water quality and the status of the supporting/supported ecosystem, and 
the relevance of organisms in the definition and evaluation of water quality. 
Consequently, the Directive defines the concept of ecological status as the quality 
of the structure and functioning of aquatic ecosystems associated with surface 
waters. A key issue is the mandatory use of biological indicators for monitoring and 
assessment of the ecological status of all water bodies. Some organisms or groups 
of organisms sensitive to anthropogenic pressures (biological quality elements, 
BQE) are identified as the most appropriate for this purpose. In particular, for 
coastal waters, phytoplankton, macroalgae and angiosperms, and benthic 
invertebrate fauna are the BQEs to be considered. According to the WFD, 
biological variables indicative of the status of these BQEs (hereafter termed 
metrics) should be used for evaluation and monitoring purposes.  
Indeed, the implementation of the WFD needs a strong scientific basis, and the 
scientific community has responded vigorously to this challenge, as reflected in an 
increasing number of papers addressing issues related to WFD. For example, in 
the marine field, biotic indexes based on invertebrates of soft-bottom benthos 
(Biotic Index/ Biotic Coefficient, BI/BC Borja et al. 2000 and 2003; Benthic Quality 
Index, BQI Rosenberg et al. 2004; Benthic Index, BENTIX Simboura & Zenetos 
2002), macroalgal communities (Ecological Evaluation Index, EEI Orfanidis et al. 
2001 and 2003, Panayotidis et al. 2004), phytoplankton abundance (Vila et al. 
2005) or depth limit of the marine angiosperm Zostera marina (Krause-Jensen et 
al. 2005) have been developed.  
Posidonia oceanica Multivariate Index 
98 
Seagrasses are very sensitive to changes in their environment, and, 
specifically, to human impacts, to the point that a worldwide decline seems to be 
taking place (Short & Wyllie-Echeverria 1996). To our knowledge, little effort has 
been invested to adapt seagrass bioindicators to WFD requirements, and this has 
been achieved only in the Atlantic species Zostera marina (Krause-Jensen et al. 
2005), very scarce in Mediterranean waters. A recent approach to monitoring and 
management of Mediterranean species, though not related to the WFD, has been 
proposed (Montefalcone et al. 2006). Yet, the long-lived species Posidonia 
oceanica, Mediterranean endemics, can be efficiently used as a BQE due to, at 
least, three reasons: (i) its very high sensitivity to disturbances (Francour et al. 
1999, Delgado et al. 1999, Ruiz et al. 2001, Ruiz & Romero 2003); (ii) its wide 
distribution along the Mediterranean coasts (Procaccini et al. 2003), and (iii) the 
large amount of knowledge on the biology and ecology of the species (Romero 
2004), and on specific responses of the plant and its associated ecosystem to 
specific anthropogenic disturbances (e.g. Campanella et al. 2001, Cancemi et al. 
2003, Ruiz et al. 2001, Pergent et al. 1999, Vizzini & Mazzola 2004, Francour et al. 
1999). Furthermore, some P. oceanica descriptors have already been used to 
assess the general environmental quality of coastal zones (Boudouresque et al. 
2000, Pergent-Martini & Pergent 2000, Moreno et al. 2001, Pergent-Martini et al. 
2005).  
In the present study we take advantage of these previous knowledge and 
experiences to design a biotic index, fully compliant with WFD requirements, based 
on Posidonia oceanica ecosystem and aimed at assessing the ecological status of 
coastal waters. In general, biological or ecological indicators are measures based 
on the presence, abundance or state of health of organisms (or assemblages) that 
provide simple and efficient methods to quantify the degree of ecosystem integrity 
(health, exposure to stress, etc.). In this respect, a strategy to cope with the 
inherent biological complexity and natural variability that provides optimal tools and 
also a considerable amount of ecological information is the use of metrics 
encompassing multiple organization levels in the biological hierarchy, from the sub-
individual to the ecosystem level (Harding 1992, Dale & Beyeler 2001, Adams 
2005). Therefore, we have chosen a multivariate approach, by measuring structural 
and functional attributes at different organization levels (physiological, individual, 
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population…) in the Posidonia oceanica ecosystem to develop a biotic index 
(Posidonia oceanica Multivariate Index: POMI). 
We evaluate the usefulness and validity of this index by using it to assess the 
ecological status of the Catalan coastal waters (ca. 500 km of coastline, NW 
Mediterranean).  
 
METHODOLOGY  
Selection of metrics 
To select the variables (metrics) of P. oceanica that better reflect the ecological 
status, a pilot study was carried out in 2002 (Martínez-Crego et al. in press). During 
this work, ca. 60 metrics, “a priori” sensitive to disturbances, were chosen, and 
tested in seagrass meadows of known and different ecological status. From these 
results, and considering also practical reasons of their possible application 
(feasibility, cost, etc.) a total of 14 metrics were finally selected. 
Among them, five are representative of the physiological or sub-individual level 
(phosphorus, nitrogen and sucrose content, and δ15N and δ34S isotopic ratios in 
rhizomes); two, of the individual level (percentage of leaves with necrosis and 
shoot leaf surface); three, of the population level (meadow cover, shoot density 
and percent of plagiotropic rhizomes); one of the community level (nitrogen content 
in epiphytes); and three are pollution indicators (copper, lead and zinc 
concentration in rhizomes). A summary of the selected metrics and their expected 
response to impacts are listed in Table 1. 
 
Classification of the ecological status 
The classification of the ecological status should be based on the deviation of the 
status of the biological quality element from its potential status under pristine (i.e. 
undisturbed or nearly undisturbed) conditions, named reference conditions. This 
ecological status should be expressed using a scale from 1 (corresponding to the 
reference conditions) to 0 (severe deterioration, a great amount of the BQE is badly 
damaged or missing). The ratio between the actual status of a given BQE in a 
given site and its status in the reference conditions is called EQR (Ecological 
Quality Ratio).  
To obtain it, it is necessary: (i) definition of the reference conditions; and (ii) 
combination of the used metrics into a single scale. 
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Table 1. List of the metrics used with their expected responses to changes in environmental 
quality, and the outline of the pertinent sampling/analytical methods. 
 
Level Metric (and units) 
Expected response to 
increasing 
anthropogenic 
disturbances 
Standard measured method 
 
Nitrogen and 
phosphorus content in 
rhizomes (%DW) 
 
Increase 
 
(1) Analysed using IRMS(2) (for N), and optic ICP(2) 
analysis after acid digestion in an HNO3  + HClO4 solution 
at medium power 17min. in microwave (P).  
 
 
Soluble carbohydrate 
reserves in rhizomes 
(%DW) 
 
Decrease 
 
Extracted from 0,05 g DW (1) in hot EtOH (80ºC) 
centrifuged at 4500rpm (4 times) EtOH and evaporated to 
dryness under a stream of N2. Extracts were redissolved 
in distilled water and analysed spectrophotometrically 
(λ=626nm) using anthrone assay standardized to sucrose 
(Alcoverro et al. 1999 and 2001b). 
 
 
Nitrogen isotopic ratio 
(δ15N) in rhizomes (%o) 
 
Increase (fish farm or 
urban effluents) / 
Decrease (fertilisers) 
depending on the N 
source 
 
Sample (0,7-0,8mg DW (1)) analysed by IRMS(2) (Preston 
1992) using atmospheric nitrogen as standard.  
 
 
P
hy
si
ol
og
ic
al
 le
ve
l (
P
la
nt
 d
es
cr
ip
to
rs
) 
 
Sulfur isotopic ratio 
(δ34S) in rhizomes (%o) 
 
Increase (Martínez-
Crego et al. in press)  
 
Sample (6mg DW (1)) analysed by IRMS(2) (Preston 1992) 
using CDT (Canyon Diablo Troilite) as standard. 
 
 
Shoot surface 
(cm2/shoot) 
 
 
Decrease  
 
Leaves (length and width) were measured to obtained 
shoot surface from 5 different shoots per location. 
  
In
di
vi
du
al
 le
ve
l 
(P
la
nt
 
de
sc
rip
to
rs
) 
 
Percent of leaves with 
necrosis (%) 
 
Increase 
 
Frequency of leaves with necrosis (as a percentage) 
obtained from direct observation in the laboratory. 
 
 
Shoot density (shoots / 
m2) 
 
Decrease 
 
Shoots number was counted in 12 (40x40cm) quadrats 
randomly placed over a c.a. 400 m2 area, excluding 
zones with zero cover (Renom & Romero 2001) 
 
 
Meadow cover (%) 
 
Decrease 
 
Estimated by lineal transect intercept method in 9 lineal 
transects of 7 m length placed in 3 random and radial 
directions from 3 different points 25m apart from each 
other. 3 quadrats of 50x50 cm (divided into four sub-
quadrats) were placed per transect (a total of 27 
quadrats) over a total area of c.a. 400m2. Seagrass cover 
(%) was visually estimated for each sub- quadrats in the 
following classes: 0, 10, 25, 50, 75 and 100 % 
 
 
P
op
ul
at
io
n 
le
ve
l (
M
ea
do
w
 d
es
cr
ip
to
rs
) 
 
Plagiotropic rhizomes 
(%) 
 
Increase 
 
In situ observation of plagiotropic rhizomes in 40 x 40 
quadrats (replication as for shoot density). 
 
 
Community 
level  
 
Nitrogen content in 
epiphytes (%DW) 
 
Increase  
 
Analysed using Carlo-Erba CNH elemental analyser in a 
dried, finely ground sample of epiphytes obtained by 
scraping the leaf surfaces with a razor blade.  
 
 
Pollution  
 
Trace metals in plant 
tissues (µg /gDW) 
 
Increase 
 
Analysed by optic ICP(2) (for Zn) and mass ICP(2) (for Cu, 
and Pb) from 0,1g DW (1) after digestion in an HNO3 + 
HClO4 solution in microwaver at medium power during 17 
min. (modified from Mateo & Sabaté 1993). The analytical 
procedure was checked using standard reference 
material (Ulva lactuca, CRM 279) (Roméo et al. 1995). 
 
 
(1) Metrics belonging to physiological level vary within the tissue age and are influenced by the presence of epiphytes. To avoid these sources of variability and to work 
on sufficient material for all the physiological metrics analyses, the medium and basal part of the fully extended leaf number 3 (the third youngest leaf in the shoot, 
without conspicuous epiphytes in the medium and basal parts) of five shoots, and the first rhizome centimetre, of the same five shoots, constitute one replica of leaf and 
rhizome material, respectively. They were dried, finely grinded and analysed together. 
(2) ICP: Inductively Coupled Plasma; IRMS: Isotope Ratio Mass Spectrometry. 
 
According to the WFD, reference conditions should be established using spatial 
analysis (i.e. using data from undisturbed sites, wherever they can be found), 
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palaeoecological (or historical) data, modelling or expert judgement. Spatial 
analysis was discarded, as no pristine seagrass meadows can be found within the 
study area, and, in other areas, where they can be found (e.g. Balearic Island, 
Corsica, Eastern Mediterranean…), most likely they do not reflect reference 
conditions for the study area, as important natural sources of variability among 
seagrass meadows from different geographical areas occur (Alcoverro et al. 
2001a). Paleoecology was also discarded, since the few available data (Mateo et 
al. 1997) are not adequate for most of the metrics used. 
Therefore, reference conditions were tentatively established as a composite 
‘optimal’ site. We considered that a site in an ‘optimal’ ecological status would 
present the ‘best’ values of all the 14 selected metrics (maximum or minimum 
depending on the nature of the metric, e.g. minimum for phosphorus or metal 
contents, and maximum for shoot surface, shoot density or sucrose content). To 
obtain the value of each metric for the reference site, and to buffer undesirable 
effects of possible outliers, we averaged the two ’best’ values obtained for that 
metric.  
Additionally, we defined a ‘worst’ site (corresponding to the worst existing 
condition) by averaging the two worst values for each metric, which were the two 
minimum or maximum values, depending on the metrics (e.g. maximum for 
phosphorus or metal contents, and minimum for shoot surface, shoot density or 
sucrose content). The use of this worst site is described below. 
To combine the values of our 14 metrics into a single scale, we used Principal 
Component Analysis (PCA, Hotelling 1933). Since metrics were not dimensionally 
homogeneous, the correlation matrix was used (Legendre & Legendre 1998).  
The ‘optimal’ (i.e. reference) and ‘worst’ sites establishing the two extreme 
conditions of the system were represented as supplementary objects (software 
used: CANOCO v 4.5 ter Braak 1988 and 1994). The score of each sampling site 
on the first axis is considered as an estimate of its ecological status. An EQR for 
each site, was calculated as  follows: 
EQR’x  = (CIx– CIworst) / (CIoptimal – CIworst)    (1) 
where,   EQR’x is the ecological quality ratio of the site x.  
CI x is the score of the site x on the first component.  
CI optimal is the score of the ‘optimal’ site (reference site) on the first component. 
CI worst is the score of the ‘worst’ site on the first component. 
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Finally, as the WFD requires to classify the ecological status into one of five 
classes, from high to bad, boundaries between classes have to be set within the 1 
to 0 EQR scale. Considering that Posidonia oceanica is very sensitive to 
anthropogenic disturbances and that meadows disappearance has been reported 
in environmental conditions where macrofauna can still survive (Delgado et al. 
1997 and 1999) we defined the bad class as the ecological status in which P. 
oceanica cannot survive. In other words, wherever and whenever a P. oceanica 
bed is able to survive, even heavily degraded, the ecological status is above bad. 
We arbitrary assigned, the range from 0 to 0.099 to the bad ecological status. The 
other EQR boundaries were obtained dividing the remaining scale (from 0.1 to 1) 
into four categories of equal amplitude (0.225 each, see Table 2). Therefore, when 
P. oceanica exist, the EQR is computed as follows: 
EQR = (EQR’ + 0.11) / (1 + 0.10)   (2) 
All this procedure is in agreement with the WFD (annex V) and other guidance 
documents (i.e. Pollard & van de Bund 2005). 
 
Table 2. Boundaries for the different ecological status. 
 
EQR Ecological status and color code 
  0.775-1   high   blue 
  0.550-0.774   good   green 
  0.325-0.549   moderate   yellow 
  0.1-0.324   poor   orange 
  < 0.1   bad   red 
 
Case study: application of the method to the Catalan coast  
To assess the application and reliability of the proposed method, we used it for the 
classification of ecological status of the Catalan costal waters. Twenty-two 
sampling sites were regularly chosen along the ca. 500 km of Catalan coast (Fig. 
1), except where seagrass meadows were absent (e.g. close to river discharges).  
Sampling was performed at around 15 m depth, and in the shortest possible 
time interval (18th September-14th November 2003), to prevent masking effects of 
depth and seasonal variability (Middelboe et al. 2003, Alcoverro et al. 1995, Vizzini 
et al. 2003). At each station, meadow cover, shoot density and percent of 
plagiotropic rhizomes were obtained in situ by SCUBA diving. Additionally, 30 
shoots of Posidonia oceanica were collected over a ca. 250 m2 area for laboratory 
analysis. Methods used to obtain the different metrics are outlined in Table 1. 
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Figure 1. Map of the location of the 22 sampling sites (marked as black triangles) along 
the Catalan coast, where the index was applied. 
 
To assess the reliability of our method, the results were compared to available 
pressure data (Agencia Catalana de l´Aigua, 2006). Spearman rank coefficients 
were computed between the indexes of the main anthropic pressures (Table 3) and 
the reported EQR values. As the pressure values were of less spatial resolution 
than our dataset, when pressure data corresponded to a coastal segment with 
more than one sampling site, we averaged the EQR of the sampling sites within 
that coastal segment to allow the correlation estimate. 
 
Table 3. List of the relevant pressures identified within the studied region (i.e. 
affecting at least 50% of the coastal water bodies), and expressions used to 
quantify them (Agència Catalana de l´Aigua 2006). 
 
Kind of pressure Pressure Calculation or expression 
Morphological disturbances Coastline constructions Km of artificial coastline km-1coastline 
 Beach regeneration  Km of regenerated coastline km-1coastline 
Point and diffuse sources 
of pollution: 
Urban sewage  Kg of Chemical Oxygen Demand (COD) day-1 
km-1coastline 
 Agricultural  ha km-1coastline 
 Urban  ha km-1coastline 
Other pressures Tourism  Hotel and camping places km-1coastline 
 Fishing  Thousand euros of captures km-1coastline 
 Recreational, fishing and 
commercial and industrial 
harbours  
(Number of recreational moorings + number of 
fishing boats + transit boats) km-1 coastline 
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RESULTS 
The PCA applied to the field data allowed to extract a first component explaining 
57% of the total variability, while the second explained less than 10%, indicating a 
main source of variation common to all metrics. The metrics positively correlated to 
component I (Fig. 2) are clearly indicative of bad status (e.g. higher percentage of 
leaves with necrosis corresponds to worse status), while those negatively 
correlated are indicative of good status (e.g. higher shoot density corresponds to, 
better status). This confirmed the suitability of component I as an indicator of 
seagrass status. The clustering of metrics on either side of axis I indicates the 
redundancy among them and, again, a common source of variability (Legendre & 
Legendre 1998). 
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Figure 2. Factor loadings of the different metrics. These are: shoot surface 
(Shoot surf), percent of necrosis in leaves (Necrosis), nitrogen content in 
rhizomes (N rhi), phosphorus content in rhizomes (P rhi), sucrose in rhizomes 
(Sucrose), δ15N isotopic ratio in rhizomes (d15N rhi), δ34S isotopic ratio in 
rhizomes (d34S rhi), trace metals in rhizomes: zinc (Zn rhi), lead (Pb rhi) and 
copper (Cu rhi), meadow cover (Cover), shoot density (Density), percent of 
plagiotropic rhizomes (Plagio rhi) and epiphyte nitrogen content (N epi). 
 
In the sites display within the space defined by the first two axes (Fig. 3), the 
reference and worst sites were very close to axis I, and represented the extreme 
status values for the meadows. The rest of the sites appeared along axis I, 
following a gradient of ecological status. Computation of EQRs resulted in three 
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meadows classified as in high status, thirteen in good status, three in moderate 
status, and three in poor status (Table 4).  
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Figure 3. PCA ordination diagram of the studied sites, including the optimal (reference) and 
worst sites.  
 
Table 4. Scores on the first axis (in the PCA) and EQR values 
obtained for each sampling site (see explanation in the text). 
 
 Score on factor I EQR 
Ecological 
status 
  Culip     -1.195 0.872 high 
  Jugadora  -1.261 0.885 high 
  Montjoi   -0.676 0.765 good 
  Roses     0.956 0.430 moderate 
  Montgó    -0.569 0.743 good 
  Medes     -0.586 0.747 good 
  Sa Tuna   -0.817 0.794 high 
  Llafranc  -0.568 0.743 good 
  Palamós   -0.388 0.706 good 
  St. Feliu  -0.520 0.733 good 
  Tossa     -0.251 0.678 good 
  Fenals    -0.552 0.740 good 
  Balís     -0.443 0.717 good 
  Mataró    -0.315 0.691 good 
  Sitges    1.882 0.240 poor 
  Comaruga  2.331 0.148 poor 
  Torredem  1.666 0.285 poor 
  Salou     1.446 0.330 moderate 
  Montroig  0.706 0.482 moderate 
  l´Hospitalet 0.086 0.609 good 
  Calafat   -0.256 0.679 good 
  l´Ametlla  -0.676 0.765 good 
  Optimal   -1.864 1.009   
  Worst     2.566 0.100   
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Spearman correlation coefficients revealed that there was a very good 
agreement between human pressure data and the ecological status estimated. 
Ecological status (EQR) was significantly and negatively correlated (p < 0.05) with 
most of the anthropogenic pressures (Table 5).  
 
Table 5. Spearman correlation coefficients (r) between 
EQR and pressures (n = 12). 
 
   Pressure Spearman r p-level 
  Coastal constructions  -0.60 0.040 
  Beach regeneration  -0.72 0.008 
  Urban sewage  -0.71 0.009 
  Agricultural soil use  -0.39 0.207 
  Urban soil use  -0.68 0.014 
  Tourism  -0.90 0.000 
  Fishing  -0.37 0.243 
  Harbors  -0.63 0.026 
 
 
DISCUSSION 
Posidonia oceanica Multivariate Index (POMI) seems to adequately reflect 
ecosystem status and coastal water quality, as required by the WFD. We base this 
assertion on two arguments: 
(a) All the metrics used have been repeatedly reported to reflect seagrass 
health (or deterioration) and widely used (Delgado et al. 1999, Longstaff & 
Dennison 1999, Prange & Dennison 2000, Jones et al. 2001, Udy et al. 1999, Ruiz 
& Romero 2003, Invers et al. 2004, Marín-Guirao et al. 2005). The large amount of 
variability explained by the first axis of the PCA (and the low explained by each one 
of the others) indicates that there is a common source of variability for all metrics, 
which should be related to ecosystem health, given that metrics indicative of bad 
status correlated positively to this axis I and those indicative of good status 
correlated negatively. 
(b) The ecological status obtained using POMI correlates significantly with the 
main anthropogenic pressures affecting the region under study. 
We consider, therefore, that POMI is a reliable method for the estimation of the 
ecological status of coastal waters. 
This method presents some advantages, as well as some weaknesses. One of 
the strengths of POMI is the partial redundancy among the metrics, which 
prevents, to a certain extent, against undesirable changes in the classification 
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scheme caused by natural inter-annual fluctuations, or possible experimental 
errors. This (supposed) robustness of the method against fluctuations or errors is 
very important, taking in mind the administrative and management implications. 
However, the real robustness should be checked by applying it in successive 
years. 
A second notable point is that the use of descriptors related to different levels of 
biological organisation, circumvents the problem of the very low recovery rate of 
damaged P. oceanica beds (Meinesz & Lefevre 1984). In fact, as widely 
demonstrated, P. oceanica beds are very sensitive to disturbances, and some of 
the metrics used change quickly after disturbance (from days to a few weeks; e.g. 
Longstaff & Dennison 1999, Martínez-Crego et al. in press). However, while the 
recovery, after human disturbance halt, of some of the most widely used 
descriptors (e.g. meadow cover, shoot density) is slow (Meehan & West 2000, 
Bryars & Neverauskas 2004, González-Correa et al. 2005), and can obscure the 
real rates of recovery of coastal water ecological status, physiological descriptors 
(e.g. N and P content, carbohydrates…) recover quickly (Longstaff et al. 1999) and 
can better reflect specific actions taken to improve water quality. 
The specific definition of the bad status class will allow a better agreement with 
the other BQEs. However, again the slow recovery and re-colonization rates of this 
plant can bias the ecological status assessment obtained using POMI. In fact, if in 
a given water body, environmental quality deteriorated to the point that P. oceanica 
can no longer survive, the bad status will be assigned to that water body. 
Consequently, if effective actions are taken to recover the water quality of the area, 
as the re-colonization by the Posidonia oceanica beds can take a very long time 
(decades or centuries, Meinesz and Lefevre 1984, Meehan & West 2000), the 
water body would be classified as in bad status during a very long time. A 
possibility, in this case, is to perform bioassays with transplanted material (Meinesz 
et al. 1993, Molenaar et al. 1993, Piazzi et al. 1998, Balestri et al. 1998) to assess 
ecological status through the physiological and individual descriptors.  
An additional problem in the application of this index is the absence of P. 
oceanica beds in some areas, due to natural causes (river discharge, sediment 
instability, etc.). Despite its wide occurrence, P. oceanica beds are absent from ca. 
20-25% of the Catalan coast, which precludes a full quality assessment using this 
BQE. However, this does not limit the validity and usefulness of the index, as the 
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same occur with the other BQEs, which are linked to specific substrata. It has to be 
reminded that the WFD indicates the possible use of multiple BQEs to solve similar 
problems. 
Although the POMI index has been intensively tested, the acquisition of new 
data in successive years will surely help to improve and refine the method 
proposed here. Specifically, the definition of the reference conditions as a 
composite ‘optimal’ site will be tested against real undisturbed Mediterranean 
coastal areas outside the limited geographical framework of this research. 
Nevertheless the implementation and development of the WFD is a long-term 
endeavor.  
The index proposed fulfils a dual aim: on the one hand, it allows a pragmatic 
assessment of the ecological status of coastal waters, through a methodology that 
is relatively simple (most laboratories within and outside the EU have the capacity 
of performing the required analysis) and can be applied anywhere in the 
Mediterranean and probably elsewhere, after adaptation, to other seagrass 
species. On the other hand, this index facilitates the understanding of complex 
biological data, integrating a considerable amount of ecological information that 
can be very useful to coastal managers. 
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RESUMEN 
El deterioro del estado de los ecosistemas costeros como consecuencia de las 
crecientes presiones antrópicas no es sólo un problema de relevancia mundial, 
sino que también ha originado una gran demanda de herramientas de gestión. Las 
estrategias nacionales y transnacionales más avanzadas que se han puesto en 
marcha para la gestión de la calidad del agua incluyen, como componente clave, 
la evaluación de la integridad de los ecosistemas acuáticos y de las causas de su 
deterioro. En este capítulo, en primer lugar, analizamos las propiedades que los 
bioindicadores e indices bióticos deben tener para alcanzar los requisitos 
derivados de esas estrategias. En segundo lugar, recopilamos 81 bioindicadores e 
indices bióticos propuestos para la evaluación de la calidad de las aguas costeras 
y estuarinas, y analizamos sus fortalezas y debilidades en relación con estos 
requisitos. Esta recopilación cubre las aproximaciones más relevantes 
representativas del amplio espectro disponible (i.e. diferentes tipos de 
bioindidadores, basados en diferentes sistemas biológicos y niveles de 
organización). A su vez, proporcionamos una visión completa de los criterios 
básicos que pueden ayudar a los usuarios a elegir adecuadamente entre ellas (o a 
combinarlas). Ningún índice biótico parece ser mejor que los demás en relación 
con todos estos criterios, y la mejor aproximación para una óptima evaluación del 
estado ecológico de las aguas costeras parece ser el uso simultáneo de diferentes 
índices con fortalezas complementarias. Investigaciones futuras deben ser 
llevadas a cabo para mejorar nuestra comprensión sobre el comportamiento de los 
bioindicadores, y especialmente, sobre su relación con aspectos estructurales y 
funcionales de los ecosistemas y con la teoría ecológica general. Además, el 
campo de los bioindicadores se encuentra en la interfase entre la ciencia y la 
gestión, y por tanto, la sociedad, por lo que la comunicación entre la comunidad 
científica y los gestores es esencial, así como la concienciación social sobre los 
problemas ambientales. 
 
Palabras claves: Bioindicador, indice biótico, Directiva Marco del Agua (DMA), 
estado ecológico, aguas costeras 
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ABSTRACT 
The worldwide deterioration of coastal ecosystems due to the ever-increasing 
human development is not only a matter of general concern, but also the origin of a 
great demand for management tools. The most developed large-scale (national 
and transnational) strategies put in force for water quality management include, as 
key components, the assessment of aquatic systems integrity and of the causes of 
its deterioration. In this chapter, we firstly analyze the properties of bioindicators 
and biotic indices needed to fulfill the requirements derived from these large-scale 
strategies. Secondly, we compile 81 bioindicators and biotic indices proposed for 
marine and estuarine waters, analyzing their strengths and weaknesses in relation 
to these requirements. We cover the most relevant approaches representative of 
the whole available spectra (i.e. different types of bioindicators based on different 
biological systems and levels of the biological organization), and provide a 
complete view of the basic criteria that can help users to adequately choose 
among them (or to combine them). No single biotic index appears better than all 
the others regarding all these criteria, and the best approach for an optimum 
assessment of the environmental status of coastal waters seems to be the 
simultaneous use of different indices with complementary strengths. Further 
research is needed to increase our knowledge on bioindicators behavior, and 
specifically, their link with structural and functional aspects of the ecosystem, and 
with the general ecological theory. Moreover, the field of bioindicators is at the 
interface between science and management, and, therefore, society; consequently, 
communication between managers and the scientific community is essential, as 
well as an increase of public awareness. 
 
Keywords: Bioindicators, biotic indices, Water Framework Directive (WFD), 
ecological status, coastal waters. 
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Perspectives in the current use of bioindicators in coastal waters 
The coastal zone has historically played a crucial role for humans. A large part of 
human population inhabits the coastal zone or close to it (Small & Nicholls 2003), 
and this trend seems to be increasing in the coming years. Consequently, the 
coastal ecosystems are particularly exposed to human pressures, yet some of 
them are among the most disturbed parts of the biosphere (Gray 1997, Lotze et al. 
2006). Society and managers demand of the scientific community tools, based on 
sound knowledge, to properly manage and protect such sensitive areas. In this 
context, the strategic importance of reliable, quantitative, and directly comparable 
methods for assessing the biological integrity of the coastal aquatic ecosystems at 
a national scale is ever increasing. 
The earliest studies of water quality assessment focused mainly on the water 
itself, and were mostly expressed as values of physical and chemical parameters. 
This view can be considered as conceptually linked to point sources of pollution, 
whereas non-point sources of pollution have been increasingly recognized as 
responsible for many of the water quality problems (Karr 1991). Due to this new 
perception, together with a better understanding of the interconnection between 
ecosystems services and human welfare (Daily et al. 2000), water quality concept 
(and, hence, water management) has evolved to a broader, more holistic 
perspective, which incorporates biological and ecological criteria. Then, the 
ecological integrity of water bodies under human pressure, which can be defined 
as the ability of the aquatic ecosystem to support and maintain key ecological 
processes and a community of organisms with a species composition, diversity and 
functional organization similar to that of undisturbed habitats within the region (Karr 
1991), has become the target in water policies. Finding the causes of the 
impairment of aquatic systems integrity, and developing and implementing 
adequate remedial actions are now the key components of water quality 
management.  
This new view is reflected in the most developed large scale (national and 
transnational) strategies put in force, such as the EU Water Framework Directive, 
WFD 2000/60/EC, the Environmental Monitoring and Assessment Program, EMAP 
2002 derived by the US Clean Water Act, CWA, and the Australian and New 
Zealand Water Quality Management Strategy, WQMS 1992. All of them are aimed 
at maintaining and improving the status of the Nation's or Member State’s waters, 
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and establish that the implementation of an effective and coherent water policy 
must address, as a key component of water quality, the integrity of the aquatic 
ecosystems. Consequently, they have been at the origin of an expanding body of 
research focused in the field of bioindicators and biotic indices (Fig. 1).  
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Figure 1. Review of papers published in 100 ecological and 
environmental sciences journals from 2002 to 2007, which focused on 
the topic of bioindicators in terrestrial, freshwater and marine and 
estuarine systems. * In the current year (2007) only are included 
published journals until July. 
 
A bioindicator is an organism, a part of an organism, or a set of organisms that 
contains information on the quality of the environment (Markert et al. 1999). 
Bioindicators can be obtained from any level of the biological organization, ranging 
from the biochemistry or metabolism of a single organism to emergent properties of 
complex communities (Fig. 2). Biotic indices go a step forward and attempt to 
summarize features of different elements of the ecosystem (several bioindicators, 
community level information) into a single value (Karr 1991), integrating relevant 
ecological information into an overall expression of biotic integrity.  
We here review the scientific literature to establish the current state and future 
perspectives of bioindicators, and particularly of biotic indices, in the context of 
large-scale assessments of water quality. In the first part of the paper, we analyze 
the features and properties of bioindicators and biotic indices needed to fulfill the 
requirements derived from national and transnational strategies for water quality 
management. Secondly, we compile different biotic indices proposed so far for 
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marine and estuarine waters, analyzing their strengths and weaknesses in relation 
to these requirements. 
 
Figure 2. Average stress response times of biotic systems as related to size and structural 
complexity (from Fränzle 2006). 
 
Bioindicator requirements under large-scale strategies for water quality 
management  
The assessment of water quality (including the notion of ecosystem integrity) is an 
essential part of most water management strategies. Thus, the selection of 
biological measures sensitive to stress (bioindicators) of broad-scale application, 
and the development of numerical methods that evaluate ecological condition in a 
simple and broadly understandable range, are both required. The most recent 
large-scale strategies to preserve water quality have identified bioindicators 
requirements, as defined in the different guidelines developed (Environmental 
Monitoring and Assessment Program, EMAP 2002 derived by the US CWA, 
Natural Resource Management Ministerial Council, NRMMC Guidance documents 
derived by the Australian WQMS 1992; ECOSTAT, REFCOND, COAST, HMWB 
and Monitoring as WFD guidance documents). These requirements can be 
summarized as: relevance to the ecological integrity, broad-scale applicability, 
early-detection capacity, feasibility of implementation, interpretability against 
reference conditions, and capacity to link ecosystem degradation with its causative 
stressors. 
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Relevance to the ecological integrity 
Biological measures should be appropriate for reflecting the integrity of the whole 
ecosystem. Ideally, disturbance effects should be studied on the complete 
assemblage of organisms; however, a particular assemblage or a key component 
is often measured as being representative of the entire community. Phytoplankton, 
aquatic flora, benthic invertebrate fauna, and fish fauna are the most commonly 
proposed organisms for quality bioassessment programs of coastal and estuarine 
waters. Biological measures obtained from these organisms the most closely 
reflecting the status and trends of the concerned ecosystem should be selected. 
Broad-scale applicability 
A key feature of the different strategies for water management is their large spatial 
scale applicability, usually in the order of thousands of kilometers. The high natural 
variability of biological systems (and consequently of bioindicators), together with 
the interactive effect of multiple human stressors potentially affecting them, in a 
punctual or diffuse way, impose many theoretical and practical difficulties to the 
development of bioassessment tools for such broad scale applicability. From this 
point of view, a proposed approach to reduce the confounding effects of variability 
other than that caused by human pressure (e.g. geomorphology, climatic, etc.) is 
the definition of bioindicators reference conditions for more or less homogeneous 
geographic areas (eco-regions). This may help to a large-scale based definition of 
ecosystem integrity. 
Early-detection capacity  
The early detection of environmental deterioration is needed for several reasons 
either economic, practical, ethical or strategic. When needed, management actions 
should be implemented in time to prevent serious ecosystem damage, avoiding 
thus long (and sometimes uncertain) recovery and/or costly remedial actions. 
Therefore, bioindicators should help to anticipate environmental problems before 
they become acute. 
Feasibility of implementation 
The bioassessment tools should be based on organisms of relatively wide 
distribution, and should use standard protocols devoid of great technical difficulties, 
as far as possible. The optimal bioindicators will result from a certain trade-off 
among the requirements (robustness, specificity, spatial and temporal resolution), 
and the available resources (knowledge, staff, equipments, financial support).  
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Interpretability against reference conditions  
The definition of reference conditions against which to compare the current 
ecosystem status has become a common practice helping to compare results. This 
definition depends on unambiguous and non-arbitrary determination of the system 
structure and function. “Minimally or least disturbed condition”, “historical 
condition”, and “best attainable condition” obtained by extrapolation of empirical 
models, can be used as standard or benchmark against which current condition is 
compared. Because different assumptions about what constitutes a reference 
condition will have important effects on the final assessment of the aquatic 
ecosystems status, its accurate description and the methods used to set it are 
critical issues. Moreover, adequate statistical confidence and precision in assigning 
the ecosystem condition, and an evaluation of the risk of assigning a wrong class 
because of errors (e.g. in monitoring data or in the definition of reference 
conditions) would be of great help. 
Linkage of ecosystem degradation with its causative stressors 
Biological measures should be both sensitive to multiple stressors, and, to a certain 
degree, specific enough to provide some clues about the possible causes of 
deterioration.  
 
Biotic indices for coastal waters  
There is a great amount of potential indicators of ecosystem status, but no single 
indicator seems to fully comply with all the above mentioned requirements, and the 
challenge is to select the combined suite of indicators providing complementary 
information that will best serve for the user needs (Rice et al. 2003, Diaz et al. 
2004, Salas et al. 2006). Previous reviews have provided a more or less complete 
classification of indicators of ecosystem status, and summarized their properties 
from a conceptual point of view (Rice 2003). Others are limited or biased to certain 
communities (e.g. fishes, benthic macroinvertebrates, Whitfield & Elliot 2002, Diaz 
et al. 2004, Salas et al. 2006), and/or to certain types of indices (e.g. biotic indices 
based on structural attributes at the community level, non-taxonomy based biotic 
indices, or indicators based on emergent properties, Jorgensen et al. 2000, 
Mouillot et al. 2006). Here we summarize 81 biotic indices designed for use in 
marine and/or estuarine habitats (Table 1), and evaluate them in the light of the 
requirements previously identified. Our review is not meant to be exhaustive, and 
we limit our discussion to indices published in peer-reviewed journals. In doing so, 
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we recognize that, possibly, methods within the so called “grey literature” may have 
been overlooked. However, we analyze enough biotic indices of the different 
available types, and based on different biological systems, and levels of the 
biological organization to cover the most relevant approaches representative of the 
whole spectra, and to provide a general and complete view of their strengths and 
weaknesses to meet the requirements described above (see also Table 2). 
We propose the following classification of biotic indices based on the four main 
approaches identified in their formulation (Table 1):  
• Biotic indices based on functional and/or structural attributes of sentinel species 
(16.0%). 
• Biotic indices based on structural attributes at the community-level (48.1%). 
• Biotic indices based on functional attributes at the community-level (27.2%). 
• Aggregative indices based on information gathered from different communities 
(8.6%). 
 
Biotic indices based on functional and/or structural attributes of sentinel species 
Sentinel species are usually selected for practical (e.g. ease of culture), ecological 
(e.g. species occupying critical trophic positions, especially sensitive, foundation or 
engineering species), or occasionally economic reasons (e.g. species of economic 
relevance). In principle, they are expected to provide mechanistic alerts for other 
components of the ecosystem (Cajaraville et al. 2000, but see Rice 2003).  
Single bioindicators based on structural attributes of a sentinel species have 
been successfully used in large-scale water quality assessments (e.g. Krause-
Jensen et al. 2005). However, the combination of multiple functional and/or 
structural attributes of one (or less frequently, more than one) sentinel species is a 
more common approach (see Table 1). Among them, multi-biomarker indices use 
the concurrent assessment of several biomarkers (that include only sub-organism 
level information), responding to different stressors, to identify areas of biological 
deterioration where in-depth investigations are needed. For example, multi-
biomarker indices have been developed for mussels, fishes, amphipods or sea 
urchins (Beliaeff & Burgeot 2002, Narbonne et al. 2005, Auffret et al. 2006, Broeg 
& Lehtonen 2006, Hartwell & Hameedi 2006, Dagnino et al. 2007). The 
combination of several biomarkers obtained from different sentinel species and the 
concentration of the most relevant contaminants in the study region has also been 
proposed (Bowen & Depledge 2006). 
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Table 1. Details and classification of the reviewed biotic indices. References are shown on Annex at 
the end of the chapter. Asterisk (*) denotes identification to species level or lowest possible taxon. 
 
Index 
category 
Index 
type Biotic index (short-name) 
Target 
community/species 
Taxonomic 
resolution Habitat 
Geographic regions of 
development (reference in 
black) or successful 
application 
Reference 
Conditions  
Indices based on functional or structural attributes of sentinel species     
 Single bioindicator      
  Conservation Index (CI) Seagrasses (Posidonia oceanica) Monospecific Marine 
NW Mediterranean (60, 58, 
59) 
Available data and 
expert judgment 
   Depth limit Seagrasses (Zostera marina) Monospecific Marine Baltic Sea (45, 88) Historic data 
 Multi-biomarker indices      
  Animal health index (Expert System 6,0 software) 
Macroinvertebrates 
(mussels)  Marine 
Baltic Sea (19), North Sea 
(26) 
Virtual reference 
conditions 
  Cummulative toxicity index 
Amphipod (Ampelisca 
abdita) and sea urchin 
(Arbacia punctulata) 
Monospecific Estuarine NW Atlantic (37)  
  Immunotoxicological index (no name) 
Mussels (Mytilus 
galloprovincialis) Monospecific Marine W Mediterranean (3)  
  Multimarker Pollution Index (MPI) Mussels Monospecific Marine Mediterranean (63)  
  
Multivariate analysis of 
biomarker responses (no 
name) 
Mussels (Mytilus edulis) 
and crabs (Carcinus 
maenas) 
Biespecific Estuarine NE Atlantic (2) Minimally disturbed reference sites 
  Rapid Assessment of Marine Pollution (RAMP) Several species  
Marine/Estuarine/ 
Lagoon None (11)  
   Integrated Biomarker Index (IBR) Fishes and mussels Monospecific Marine/Estuarine 
NE Atlantic (6), Baltic Sea 
(modified by 15, 47, 48), 
NW Mediterranean (20) 
 
 Multi-bioindicator indices      
  Posidonia oceanica Multivariate Index (POMI) 
Seagrass (Posidonia 
oceanica)  Marine NW Mediterranean (86) 
Virtual reference 
locations and expert 
judgment 
  Multiple indicators for fish communities (no name) Fishes  Marine NW Atlantic (56) Non-defined 
  Health status of Mya arenaria (no name) Bivalve (Mya arenaria)  Estuarine 
NW Atlantic and Baltic Sea 
(33) Reference sites  
    Bioeffect Assessment Index (BAI) Fishes and mussels  Marine 
North Sea (14), Baltic Sea 
(15) 
Baseline levels in 
unimpaired organisms
Biotic indices based on structural attributes at the community-level     
 Diversity and other univariate indices      
  Species richness (S) Phytoplankton Species* Marine E Mediterranean (43)   Minimally disturbed reference sites 
  Margalef index (I) Macroinvertebrates Species* Marine/Estuarine/ Lagoon 
NW Mediterranean (7 for 
amphipods), NE Atlantic 
(52), NW Mediterranean 
(89) 
 
  Shannon-Wiener (H´) Phytoplankton Species* Lagoon Black Sea (1)  
   Macroinvertebrates Species* Marine NW Mediterranean (7 for amphipods, 46)  
  Evenness index (E) Phytoplankton Species* Marine E Mediterranean (43)   Minimally disturbed reference sites 
  Menhinick´s index (DMn) Phytoplankton Species* Marine E Mediterranean (43)   Minimally disturbed reference sites 
  Kothe's species deficit (Dk) Phytoplankton Species* Marine E Mediterranean (43)   Minimally disturbed reference sites 
  Pielou eveness index Phytoplankton Species* Lagoons Black Sea (1) Non-defined 
  Taxonomic distinctness index (∆) Macroinvertebrates Species* Marine/Estuarine 
North Sea (100), NE Atlantic 
and SE Pacific (101, 17) 
Reference master list 
of taxa (89) 
     Fishes Species* Marine NE Atlantic and North Sea (85) Non-defined 
 Multivariate      
  Epiphyte assemblages of seagrass leaves (no name) Seagrass epiphytes Species* Marine NW Mediterranean (53) Non-defined 
  
Rocky-shore communities 
composition and structure (no 
name) 
Rocky-shore 
communities Species* Marine NW Mediterranean (78) Non-defined 
  Macroinvertebrates of soft-bottom benthos (no name) Macroinvertebrates Species* Estuarine/Harbors SE Pacific (39) 
Minimally disturbed 
reference sites 
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Index 
category 
Index 
type Biotic index (short-name) 
Target 
community/species 
Taxonomic 
resolution Habitat 
Geographic regions of 
development (reference in 
black) or successful 
application 
Reference 
Conditions  
  Community Degradation (or Disturbance) Index (CDI) Fishes Species* Estuarine/Lagoon SW Indian Ocean (80, 81) 
Historical data and 
experts judgment 
     Macroinvertebrates Species* Marine North Sea (31)  
Reference sites, 
furthest away from 
pollution sources 
selected from the 
dataset 
 Indicator species or taxa      
  Abundance or blooms of indicator species Phytoplankton Species* Marine 
Cantabrian Sea (10), NE 
Atlantic (25), Baltic Sea (88)  
  Macroalgal blooms Macroalgae Species* Intertidal NE Atlantic (90) Available data and expert judgment 
  Fucoid upstream penetration-limit  Macroalgae 
Taxonomic 
group (fucoid 
identification) 
Estuarine NE Atlantic (106) Minimally disturbed reference sites 
  Substitution Index (SI)  Seagrasses Species Marine E Ligurian Sea (58, 59) Available data and expert judgment 
  
Cartography of littoral and 
upper-sublittoral rocky-shore 
communities (CARLIT) 
Macroalgae Species* Marine/Harbor NW Mediterranean (5) Minimally disturbed reference sites 
  
Azti Marine Biotic Index 
(AMBI), initially named Biotic 
Coefficient (BC) 
Macroinvertebrates Species* Marine/Estuarine/ Lagoon 
Cantabrian Sea (8), NE 
Atlantic and Mediterranean 
(9, 22, 89) 
Virtual reference 
conditions and expert 
judgment 
  Benthic Index (BENTIX) Macroinvertebrates Species* Marine/Lagoon Mediterranean Sea (92, 94), NE Atlantic (22) 
Minimally disturbed 
reference sites 
  Benthic Quality Index (BQI) Macroinvertebrates Species* Marine 
Baltic Sea (87), NE Atlantic 
(22), NW Mediterranean 
(46) 
Virtual reference 
conditions and expert 
judgment 
  Benthic response Index Macroinvertebrates Species* Marine Mid-W Pacific (95) 
Reference sites, 
furthest away from 
pollution sources 
  
Benthic Opportunistic 
Polychaetes/Amphipods 
(BOPA) index 
Macroinvertebrates Zoological groups Marine/Estuarine NE Atlantic (35, 23, 22) Non-defined 
   Macrofauna monitoring index (no name) Macroinvertebrates Species* Marine SW Pacific (84) 
Reference sites 
furthest away from 
pollution sources 
 Multi-metric indices      
  Synthetic maps (no name) Phytoplankton Species* Marine NE Mediterranean (44)  
  IBI based on the summer polyhaline zooplankton Zooplankton Species* Estuarine NW Atlantic  (16) 
Minimally disturbed 
reference sites 
  (no name) Macroalgae  Marine/Estuarine Cantabrian Sea (10) Available data and expert judgment 
  Phase-Shift Index (PSI) Seagrasses Species Marine E Ligurian Sea (59)  
  Seagrass composition and abundance (no name) Seagrasses Species* Marine NE Atlantic (32) 
Available data and 
expert judgment 
  Estuarine Index of Biotic Integrity (IBI) 
Macroinvertebrates and 
submerged aquatic 
vegetation 
Species* Estuarine NW Atlantic (64)  
  Benthic Index of Biotic Integrity (B-IBI) Macroinvertebrates Species* Estuarine 
NW Atlantic ( 103, modified 
by 98) 
Minimally disturbed 
reference sites 
  
Estuarine Benthic Index of 
Biotic Integrity (B-IBI) for Mid-
Atlantic Integrated Assessment 
Program (MAIA) 
Macroinvertebrates Species* Estuarine Mid-W Atlantic (49), NW Atlantic (21)  
  Benthic index of environmental condition (no name) Macroinvertebrates Species* Estuarine 
Mid- W Atlantic (27), NW 
Atlantic (modified by 28)  
  EMAP-Virginian Province Benthic Index (BI) Macroinvertebrates Species* Estuarine NW Atlantic (91, 71)  
  Multivariate-AMBI (M-AMBI) Macroinvertebrates Species* Marine/Estuarine Cantabrian Sea (62) 
Virtual reference 
conditions and expert 
judgment 
  Tampa Bay Benthic Index (TBBI) Macroinvertebrates Species* Estuarine NW Atlantic (51) 
Available data and 
expert judgment 
  Ecological quality status (no name) Macroinvertebrates Species* Marine/Estuarine NE Atlantic (22) 
Reference conditions 
of the different indices 
integrated 
  Estuarine Biotic Integrity Index (EBI) Fishes Species* Estuarine 
NW Atlantic (24); North Sea 
(modified by 12), N Atlantic 
(modified by 55), NW 
Atlantic (40) 
 
  Fish Recruitment Index (FRI) Fishes Species* Estuarine SW Indian Ocean (79)  
    (no name) Fishes Species* Estuarine North Sea (105); Cantabrian Sea (10) 
Available data and 
expert judgment 
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Index 
category 
Index 
type Biotic index (short-name) 
Target 
community/species 
Taxonomic 
resolution Habitat 
Geographic regions of 
development (reference in 
black) or successful 
application 
Reference 
Conditions  
Biotic indices based on functional attributes at the community-level    
 Trophic indices      
  Seasonal succession of functional groups Phytoplankton 
Functional 
groups Marine 
North Sea (77), Baltic Sea 
(102), NE Atlantic (modified 
by 25) 
Available data and 
expert judgment 
  Trophic Status Index (TSI) Phytoplankton/ macrophyte Species* Lagoon NE Pacific (38)  
  
Biomass (total cell number or 
on chlorophyll-a 
concentrations) 
Phytoplankton None Marine 
E Mediterranean (43), 
Cantabrian Sea (modified 
by 10), NE Atlantic 
(modified by 69 and 25), NE 
Mediterranean (modified by 
93)   
Available data and 
expert judgment 
  Photopigments Phytoplankton Functional groups Marine/Estuarine Mid-Atlantic (68)  
  Trophic Index (TRIX) Phytoplankton None Marine/Lagoon 
NW Adriatic Sea (99), 
Adriatic and Tyrrhenian Sea 
(34), Black Sea (1) 
Non-defined 
  Unscaled TRIX (UNTRIX) Phytoplankton None Marine NW Mediterranean (76) 
Minimally disturbed 
type-specific reference 
sites 
  Synthetic trophic index (I) Phytoplankton None Marine/Estuarine/ Lagoon 
SW Indian Ocean and SW 
Mediterranean (61) Non-defined 
  Ecological Evaluation Index (EEI) Macroalgae Genus Marine 
NE Mediterranean (66, 67, 
70) 
Minimally disturbed 
reference sites (70) 
  
Macroalgal composition tool 
(and Reduced Species List, 
RSL, tool) 
Macroalgae Species* Marine NE Atlantic (104) Available data and expert judgment 
  Infaunal Trophic Index (ITI) Macroinvertebrates Species* Marine/Estuarine Mid-E Pacific (54); NE Atlantic (22) 
Available data and 
expert judgment 
  Mean Trophic Level (TLm) Fishes Species* Marine 
NW Atlantic, NE Atlantic, SE 
Pacific, Mediterranean (73, 
75); SW Atlantic (57) 
Non-defined 
  Fishing-in -balance index (FIB) Fishes Species* Marine NW Atlantic (74); SW Atlantic (57) Non-defined 
  Biomass Trophic Level Spectra (BTLS) Fishes Species* Lagoon Mid-W Atlantic (96) Non-defined 
  Estuarine Fish Community Index (EFCI) Fishes Species* Estuarine SW Indian Ocean (36)  
  Transitional Fish Classification Index (TFCI) Fishes Species* Estuarine North Sea (18) Non-defined 
  Benthic Trophic Status Index (BTSI) 
Photoautotrophy versus 
heterotrophy None 
Marine (intertidal and 
shallow subtidal) NW Atlantic (83) Non-defined 
   Index of Size Distribution (ISD) Macroinvertebrates None Lagoon NE Mediterranean (82) Minimally disturbed reference sites 
 Termodynamic indicators      
  Ecosystem exergy storage (Eco-Exergy)  
Several 
communities Estuarine/Lagoon/Harbour/
NE Atlantic (52), E Pacific 
(107), Mediterranean (4)  
  Specific exergy storage (SpEx)  
Macrophytes, 
macroalgae 
and/or 
macrofauna 
Estuarine/Lagoon NE Atlantic (52), Mediterranean (4)  
  Buffer capacity    None (42)  
   Specific entropy production    None (50)  
 Ecological network analysis indicators     
  Ascendency    None (97, 65)  
Aggregative indices based on information gathered from different communities    
  (no name) Several communities  Marine Cantabrian Sea (10)  
  (no name) Several communities  Marine NE Mediterranean (93)  
  Index of Ecosystem Integrity (no name) Several communities  Estuarine NW Atlantic (41)   
  Estuarine QUAlity and condiTION (EQUATION) Several communities  Estuarine 
Mid E Pacific, North Sea, 
NE Atlantic (30)  
  Ecofunctional Quality Index (EQI) Several communities  Lagoon Adriatic Sea (29)  
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Index 
category 
Index 
type Biotic index (short-name) 
Target 
community/species 
Taxonomic 
resolution Habitat 
Geographic regions of 
development (reference in 
black) or successful 
application 
Reference 
Conditions  
  Assessment of Estuarine Trophic Status (ASSETS) Several communities  Estuarine Mid and NW Atlantic (13)  
    Index of Environmental Integrity (IEI) Several communities  Estuarine Mid-W Atlantic (72)  
 
 
Multi-biomarker indices have been developed in recent years, and use different 
methods for the integration of biomarkers into a single value. This approach takes 
advantages of the fact that the bulk of published papers in the field of bioindicators 
deals with the response of sentinel species such as mollusks (e.g. Geffard et al. 
2007, Canty et al. 2007), crustaceans (e.g. Luchmann et al. 2007), fishes (e.g. 
Webster et al. 2007, Oliveira et al. 2007), macroalgae (e.g. Burger et al. 2007), and 
seagrasses (Martínez-Crego et al. 2006, Bucalossi et al. 2006) to specific 
pollutants at the sub-organism level (Fig. 3), including molecular, biochemical, 
genetic, cellular, inmunological, physiological, and behavioral changes.  
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Figure 3. Articles focused on the topic of bioindicators, biomarkers, both or guidelines 
published each sampled year and related to each system type (terrestrial, freshwater and 
marine and estuarine systems). 34% of papers published in 100 relevant journals that 
focused on the topic of bioindicators were analyzed. 
 
Other indices combine biomarkers and bioindicators at the organism level 
(Gagné et al. 2006). A step forward, multi-metric indices that combine bioindicators 
obtained from different levels of the biological organization (from biochemical to 
community levels), and, therefore, different timing of the response and degree of 
specificity (Adams & Greeley 2000, see also Fig. 2). These indices have been 
mainly developed in fishes, mollusks, and seagrasses (Methratta & Link 2006, 
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Broeg et al. 2005, Broeg & Lehtonen 2006, Martínez-Crego et al. in press, Romero 
et al. 2007).  
 
Biotic indices based on structural attributes at the community-level 
The sensitivity to environmental changes of the taxonomic composition of the 
biocenosis (assemblage of organisms inhabiting a continuous space defined by 
convention, Margalef 1998) has been largely recognized. Biotic indices based on 
the taxonomic composition, with or without some expression of abundance of the 
concerned species, are frequent in the literature. However, the targeted 
assemblage only encompass, for the most, a part of the organism assemblage, 
usually belonging to a specific macrotaxon or zoological group (e.g. fishes, benthic 
macroinvertebrates, macroalgae). Under this very general view, different specific 
strategies have been used (Table 1). A first approach includes indices based on 
diversity values or other univariate expressions derived from the specific 
composition. For example, univariate measures based on the number of species 
(species richness, Margalef index), on the dominance or the distribution of the 
abundances among species (Shannon-Wiener index, Menhinick´s index, Evenness 
index), or on the taxonomic separation between each pair of species (Taxonomic 
distinctness indices) have been successfully applied to determine the status of 
phytoplankton (Karydis and Tsirtsis 1996, Alexandrova et al. 2007), or benthic 
macroinvertebrates (Bellan-Santini 1980, Marques et al. 1997, Warwick & Clarke 
1995 and 1998). A second approach uses the whole data matrix species-samples 
(either qualitative, or using adequate expressions of abundance), from which the 
main ordination patterns are extracted using multivariate techniques (e.g. epiphyte 
assemblages of seagrass leaves, Martínez-Crego et al. submitted; rocky-shore 
communities, Pinedo et al. 2007; macroinvertebrate communities, Hewitt et al. 
2005). A third approach is based on the measure of the presence, biomass or 
abundance of indicator species or taxa of known sensitivity or tolerance to 
disturbances. This approach has been successfully applied in phytoplankton (Borja 
et al. 2004, Devlin et al. 2007), macroalgae (Wilkinson et al. 2007), and seagrasses 
(Montefalcone et al. 2006). The principles of indicator species or taxa have derived 
in a large set of indices based on weight assignment to sensitive/tolerant species 
(7.4%, e.g. AMBI, BENTIX, BQI, BRI, BOPA or Macrofauna monitoring index for 
macroinvertebrates; CARLIT for macroalgae, see Table 1 for full names and 
references). A last approach integrates and combines different taxonomical 
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measures into a single score for assessing the ‘Biotic Integrity’ (IBI). The principles 
of the IBI were first developed in freshwaters systems, and more recently they have 
been used in coastal waters to assess the integrity of fish (EBI, FRI; see Table 1 
for full names and references), benthic macroinvertebrate (IBI, B-IBI, Benthic index 
of environmental condition, EMAP-Virginian Province BI, M-AMBI, TBBI), phyto- or 
zoo-plankton (Synthetic maps, IBI based on the summer polyhaline zooplankton), 
seagrass (PSI, and Seagrass composition and abundance), and macroalgal 
communities (no name, Borja et al. 2004).  
The most commonly used zoological groups for this type of indices are benthic 
macroinvertebrates (48.7%) and phytoplankton (20.5%). Most of them (94.9%) 
require taxonomic identification to either species level or lowest possible taxon, 
whereas others (5.1%) adhere the principle of Taxonomic Sufficiency, and require 
low taxonomic resolution such as identification only to the level of zoological 
groups (e.g. BOPA index).  
 
Biotic indices based on functional attributes at the community-level 
Fluctuations in external factors (e.g. resources, physical and chemical parameters) 
are exacerbated by human interference, affecting the energy transfer processes, 
interactive changes among species and populations and, thus, ecosystem function. 
Under the general formulation of biotic indices based on the concept of ecosystem 
functioning two main approaches can be distinguished (Table 1). One mainly relies 
on attributes derived from trophic interactions, while the other uses principles of 
general ecosystem theory. These biotic indices have been proposed as more 
holistic expressions of ecosystem condition than those based on structural 
attributes at the community level or on sentinel species (de Jonge 2006). 
Mostly (77.3%), these indices rest under the broad concept of the trophic 
approach, in which several options have been used. The oligotrophy/eutrophy of 
aquatic ecosystems has been assessed by measuring the biomass or 
photosynthetic parameters of primary producers (mostly phytoplankton, see 
Karydis and Tsirtsis 1996; Herrera-Silveira et al. 2002). Other trophic indices based 
on classifying species into functional groups (e.g. feeding groups, morphological 
groups) have been developed for fish (Pauly et al. 1998, 2000 and 2002; Sosa 
López et al. 2005), benthic macroinvertebrate (Maurer et al. 1999, Dauvin et al. 
2007), macroalgal (Orfanidis et al. 2001 and 2003), and plankton communities 
(Paerl et al. 2003). Multi-metric trophic indices using the underlying concepts of 
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IBIs, and combining trophic and functional measures with other taxonomy-based 
metrics have been developed for fish (Harrison & Whitfield 2004, Coates et al. 
2007) and macroalgal communities (Wells et al. 2007). Finally, other trophic indices 
are based on coarse measures such as the estimation of metabolic rates (i.e. 
oxygen exchange, Rizzo et al. 1996), or the estimation of body-size or size spectra 
(e.g. ISD, Reizopoulou & Nicolaidou 2007). The size-based indices are included 
here because of the underlying assumption of positive correlations between body 
mass and trophic level (Jennings et al. 2002), together with the consideration that 
increasing organic pollution results in the loss of the larger long-lived species (k-
strategists) from the community in favor of the smaller and more tolerant short-lived 
opportunistic species (r-strategists, see Pearson & Rosenberg 1978).  
On the other hand, ecosystem theory offers two main ways of viewing and 
studying ecosystems; one is based on ecological network analysis, while the other 
uses thermodynamic concepts (Nielsen & Ulanowicz 2000). Some properties 
based on network analysis have been proposed (emergy, ascendancy; Nielsen & 
Ulanowicz 2000), but they have not been yet applied in the assessment of 
ecosystem integrity, despite that, in combination with existing ecosystem models, 
they are expected to provide promising tools (de Jonge 2007). By contrast, some 
advances in the use of thermodynamic indicators have been achieved. The two 
most widely used thermodynamic indicators are eco-exergy, and specific exergy. 
Eco-exergy, is defined for ecological systems as the chemical energy embodied in 
organic compounds and biological structure, measures the distance from 
thermodynamic equilibrium of a system that store biomass and information in form 
of coding genes (Jorgensen 1995, Jorgensen 2000). Specific eco-exergy is the 
exergy normalised to biomass. Despite it is not possible to calculate these two goal 
functions for the entire ecosystems (Jorgensen & Nielsen 2007), they have been 
successfully applied to certain Phylum, Class or subsets of organisms for integrity 
assessment in estuaries (Marques et al. 1997), harbours (Xu et al. 2004), coastal 
lagoons (on macrophytes, Austoni et al. 2007), or under a recovery experiment of a 
rocky shore community (Patrício et al. 2006). 
 
Aggregative indices based on information gathered from different communities  
These indices are based on the aggregation of multiple biotic indices of the 
previous types obtained from different communities. Tentatively, such indices have 
been calculated as the weighted sum (EQUATION, EQI, Borja et al. 2004) or 
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average of the partial components (IEI, Paul 2003), or using multivariate ordination 
and ranking methods (Index of Ecosystem Integrity, Jordan & Vaas 2000). These 
aggregative or composite indices apply the underlying concepts of IBIs, and are 
dependent on the suitable selection of the individual indices, on their division into 
categories of condition, and on the method used to aggregate the individual indices 
values (e.g. weighting schemes). 
 
Strengths and weaknesses of the different index types 
The different indices fulfill the requirements outlined above to different extents 
(Table 2). We summarize this in the following section. 
 
Table 2. Strengths (+) and weaknesses (-) of the different types of biotic indices in relation to the 
requirements defined in the text. 
 
  
Relevance to the 
ecological 
integrity 
Broad-scale 
applicability
Early-detection 
capacity 
Feasibility of 
implementation 
Definition of 
reference 
conditions 
Link with 
causative 
stressors 
Biotic indices based on functional or structural attributes of sentinel species 
 Single bioindicator +/- +/- - +/- +/- - 
 Multi-biomarker indices - +/- + +/- +/- + 
 Multi-bioindicator indices + +/- + +/- +/- + 
Biotic indices based on structural attributes at the community-level 
 Diversity and other univariate indices + - - +/- +/- - 
 Multivariate  + +/- - +/- +/- - 
 Indicator species or taxa + +/- - +/- +/- - 
 Multi-metric indices of biotic integrity + +/- - +/- +/- - 
Biotic indices based on functional attributes at the community-level 
 Trophic indices + +/- - +/- +/- - 
 Termodynamic indicators + +/- - +/- +/-  
Aggregative indices based on information gathered from different communities 
  + +/- +/- +/- +/- +/- 
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Biotic indices based on functional and/or structural attributes of sentinel species 
Indices based on a single bioindicator are usually easy to measure and interpret, 
although they often offer only limited information. Since they are usually obtained 
at supra-individual level (Depth limit, CI; see Table 1), they usually reflect the 
overall ecosystem integrity, but they are limited concerning the early detection of 
disturbances or linking their unspecific response with the causative stressors. By 
contrast, multi-biomarker indices allow the early detection of disturbances, and 
combined with additional information (e.g. chemical data, pollution sources) can 
help to link the biological degradation with its causative stressors (Galloway 2006). 
However, they do not adequately reflect overall ecosystem integrity. The links 
between changes in biomarkers and the effects on the health or fitness of 
individual organisms, or effects on populations, communities or ecosystems are 
difficult to establish (Gray 1992). This could be explained because changes at the 
sub-individual level (biomarkers) can ultimately propagate towards the individual 
(e.g. reproduction, growth, see Gagné et al. 2007), and higher levels (population, 
community), but only when a certain threshold level of the contaminant or when the 
internal compensatory mechanisms are exceeded (Duquesne 2006, Durou et al. 
2007). This shortcoming is fulfilled by the multi-bioindicator indices that combine 
bioindicators obtained from different levels of the biological organization. These 
indices provide a more complete view on ecosystem integrity, and seem to improve 
the understanding of the interactive effect of multiple stressors, both sub-lethal 
(early-warning) and lethal (latter response, see Attrill & Depledge 1997, Adams 
2005). Moreover, since these indices also incorporate metrics obtained from the 
community level, only a fine line discriminate them from the category of 
aggregative indices based on different communities. In fact, their behavior related 
to the differential response of the different biological systems included is similar in 
both categories, and they both can be interpreted in terms of the different 
components (or metrics), or in terms of the linkage, interconnection an interaction 
between them.  
Indices based on both a single bioindicator and on the combination of multiples 
biomarkers and/or bioindicators have still shortcomings related to their applicability 
at large spatial scales as they depend on the geographic distribution of one 
sentinel species, often widely distributed but not ubiquitous (Lehtonen et al. 
2006b). Additionally, and specially when multiple biomarkers and/or bioindicators 
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are combined, the applicability into large-scale and long-term monitoring programs 
is complicated due to the several potential sources of variation that can confound 
their response, making necessary a site or region-specific validation. On the one 
hand, these sources of variation include biological aspects, such as the analyzed 
tissue, the organism sex and age, the body size, the nutritional and reproductive 
status, the balance between toxicity and protective cellular responses, the 
differential vulnerability among individuals or populations, the times required for 
induction, adaptation and recovery of biological responses (Wu et al. 2005), the 
small-scale heterogeneity (Morrisey et al. 1992), the within-community interactions 
(Hughes et al. 2004, Scheffer et al. 2008), the seasonal and interannual variability 
(Harding 1992, Martínez-Crego et al. 2006). On the other hand, these sources of 
variation include environmental aspects, such as the different sources of variation 
influencing the bioavailability of toxicants, and the interactions between different 
sources of pollution or different stressors (Niemi et al. 2004). 
Consequently, the development of multi-bioindicator or multi-biomarker indices 
implies a process of selection and aggregation of adequate indicators or metrics 
(biotic and abiotic). Then the first step is the careful choice and validation of 
bioindicators to maximize the indices ability to discriminate among different 
degrees of deterioration over large spatial-scales (Cajaraville et al. 2000, Martínez-
Crego et al. in press). This step will reduce the effects of sources of variability other 
than human induced disturbances, which need to be particularly controlled when 
multiple indicators are used. However, whereas metrics selection is always 
performed in the development of indices of biotic integrity, it is less common in the 
case of many multi-biomarker and multi-bioindicator indices. In the few cases were 
this previous selection process has been performed, only about 30% of the 
candidate metrics (obtained from a array of variables supposed or known to react 
to disturbances, at least at some spatial scales) seemed to properly detect 
deterioration gradients (Methratta & Link 2006, Martínez-Crego et al. in press). This 
illustrate the mismatch between the scale and complexity at which single 
bioindicators are mainly developed (i.e local scales or controlled conditions in 
laboratory, and assessing only the response to one stressor), and those at which 
multi-metric indices based on them, and ecosystem management decisions must 
be implemented. Indeed, the selection process should also take into account 
logistic aspects and economic criteria, and should result from a certain trade-off 
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among the user needs (robustness, specificity to stressors, spatial and temporal 
resolution) and the available resources and financial support. 
Finally, depending on the index different approaches have been used to define 
reference conditions such as historical data (Krause-Jensen et al. 2005), virtual 
reference locations and expert judgment (POMI, Romero et al. 2007) or minimally 
disturbed reference sites (Astley et al. 1999).  
 
Biotic indices based on structural attributes at the community-level 
The main advantage of this type of indices is its ability to reflect the overall 
ecosystem condition. Biological assemblages that are simultaneously subjected to 
multiple stressors react to their combined effects, showing an integrative response. 
This integrative response is similar to that of certain indices belonging to the 
previous category. In effect, when approaches based on multi-bioindicators and on 
the composition and structure of a target community have been compared, both 
have responded equally to the combined effect of multiple stressors (Martínez-
Crego et al. submitted). However, in the case of the indices included in this 
category, their integrative capacity also implies, on the one hand, a lack of 
specificity to stressors (Nieme et al. 2004); and on the other hand, that they usually 
fail to detect adverse effects at an early stage, as some effect at the supra-
individual level (e.g. species abundance increase or decrease) have to take place 
to alter the index value. 
The use of taxonomy-based indices is constrained by their dependence on an 
adequate taxonomic expertise, in permanent and continuous update. Most 
taxonomy-based indices require taxonomic identification to species level, and 
errors in the species identification could lead to incorrect classifications and false 
interpretations of the data, discrediting both the ecological studies and the biotic 
indices (Dauvin 2005). Moreover, the complexity and biogeographical diversity of 
communities poses additional problems to a single taxonomy-based index when 
used over large geographical areas. When using univariate diversity indices, 
caution is recommended because they are highly dependent on too many natural 
(e.g. seasonal variability, habitat type) or methodological factors (e.g. sampling 
size, sampling methodology, see Reiss & Kröncke 2005, Simboura & Reizopoulou 
2007), and because unstressed communities can sometimes be misclassified as 
highly stressed due to dense recruitments events or patchy distribution of species 
non-indicative of pollution (Teixeira et al. 2007). By contrast, biotic indices based 
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on weight assignment to groups of species classified according to their sensitivity 
or tolerance, are considered a promising approach that avoid drawbacks due to the 
seasonal variability of communities and influence of other factors (Reiss & Kröncke 
2005). However, the broad variability of types of species, habitats and controlling 
factors of the various regions or areas, has driven the development of extended 
families of analogous region-specific indices that only subtly differ one from another 
(present study, Diaz et al. 2004). When these indices have been tested in a large 
number of geographical areas, some problems and inconsistencies have been 
identified (Muniz et al. 2005, Teixeira et al. 2007). This is mainly due to the fact that 
most species and taxa are not present in all the sites being compared, or to the 
assignation of certain species to an unsuitable or erroneous group. The 
classification of species into different categories or ecological groups, and the 
weight coefficients assigned to them are often more or less subjective aspect, in 
which the experience and expertise of the scientist plays a great role (Dauvin 
2007).  
In the interpretability of these biotic indices against reference conditions, 
existing reference sites (available data of undisturbed or minimally disturbed sites) 
have been used as the starting point for classification of phyto- or zooplankton 
(Karydis & Tsirtsis 1996, Carpenter et al. 2006, Devlin et al. 2007), macroalgae 
(Ballesteros et al. 2007, Wilkinson et al. 2007) and benthic macroinvertebrates 
(Weisberg et al. 1997, Simboura & Zenetos 2002, Hewitt et al. 2005). By contrast, 
some classifications of macroalgae (Borja et al. 2004), seagrass (Montefalcone et 
al. 2006, Foden & Brazier 2007), macroinvertebrate (Malloy et al. 2007), or fish 
communities (Ramm 1988 and 1990) use available data and expert judgment; 
whereas virtual reference conditions and expert judgment have been used to 
classify macrobenthic communities (Muxika et al. 2007, Rosenberg et al. 2004). In 
such multi-metric indices, the combination of individual metrics, scored according 
to its respective references, or to its mean and standard deviation in the test 
dataset, is performed by averaging (e.g. B-IBI, EBI), using a linear combination 
(Benthic index of environmental condition, TBBI), or using statistical multivariate 
methods (M-AMBI).  
 
Biotic indices based on functional attributes at the community-level 
Biotic indices based on functional attributes at the ecosystem-level are expected to 
provide a complete view on ecosystem structure and functioning, and they are 
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supposed to respond in an integrative manner to multiple stressors. However, 
nowadays, the feasibility of implementing such indices is still limited.  
In practice, trophic indices are usually applied to particular communities (e.g. 
fish communities). To properly trace the flux of matter and energy through the 
system in a holistic manner, more trophic levels (at least primary producers, 
microbial, hebivores and secondary consumers), and more types of organisms 
representing each level should be incorporated, including groups of special 
relevance in the carbon flux (de Jonge et al. 2006). Moreover, the applicability of 
such indices has serious complications because trophic divisions are often diffuse, 
due to seasonal or life-cycle change in the diet or in the intensity of feeding, due to 
dependence on the food availability, or because of the diversity of habitats and the 
differential influence of controlling factors (e.g. granulometry, temperature, mixing) 
in different geographic areas (Salas et al. 2006).  
In the case of thermodynamic indices, the parameters required are difficult to 
quantify. Only contributions from major components of biomass and genetic 
information are taken into account for the calculation of eco-exergy. Moreover, 
weighing factors obtained from DNA contents are defined for each component as 
the exergy content relative to detritus (or dead organic matter) in terms of 
probability (Jorgensen et al. 1995, Marques et al. 1997). Consequently, Jorgensen 
& Nielsen (2007) have highlighted that the total exergy of an ecosystem cannot be 
calculated exactly, and that its application to the assessment of ecosystem health 
is interesting through comparing the difference in exergy of two different structures 
(species composition). Moreover, uncertainties in the calculation of eco-exergy are 
introduced by the computation of the genetic information content because currently 
data for most organisms are not available. To circumvent this shortcoming, 
different approaches have been used, but a more practical methodology is still 
needed (Marques et al. 1997, Fonseca et al. 2000). The more precise but 
unreliable approach uses the number of coding genes to calculate the number of 
encoded amino acids (Jorgensen 1995, Jorgensen et al. 2000), whereas other 
more operational approach uses the total amount of nuclear DNA (Marques et al. 
1997). This last approach has been modified by Fonseca et al. (2000) to partially 
take into account the lack of correlation between structural complexity and total 
DNA content, mainly due to the repetitive or non-coding DNA sequences in 
eukariotic genome. Moreover, the biomass is also needed for the exergy estimate, 
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and consequently, this thermodynamic indicator is not independent of the 
monitoring of changes in the community structure. This dependence on the 
biomass can lead to inconsistent results and seasonal fluctuations. For example, 
Marques et al. (1997) found that during spring and early-summer macroalgae 
blooms linked to estuarine eutrophication, results in an exergy increase. By 
contrast, during summer they found a crash in the macroalgae biomass in 
eutrophicated areas that leaded towards a detritus based food web, and that 
resulted in an abrupt increase of the specific exergy. However, these shifts were 
not related to an increase in the structural complexity of the community.  
On the other hand, the ability of a combination of trophic indices to link the 
ecosystem degradation with its causative stressors has been addressed for the 
ASSETS approach, focused on providing a more proactive interaction between 
scientists and managers in maintaining the health of estuaries (Bricker et al. 2003), 
but it is still a challenge for thermodynamic indices, which need to be tested under 
a wider range of stressors and conditions to be useful in the implementation of 
large scale water quality monitoring programs. 
 
Aggregative indices based on information gathered from different communities  
Due to the fact that these indices combine indices from the previous categories 
obtained from different communities, they provide a rather integrative view. 
Moreover, as those different communities respond differently to disturbances, they 
allow a better interpretation of the interactive effects of multiple stressors, and 
improve the understanding of their ecological consequences. However, we identify 
some constraints in the implementation of such indices. First, the knowledge or 
definition of reference conditions, range of variation, and boundary values between 
different categories is needed, and has not yet been solved, for all the individual 
indices incorporated. Second, their applicability over large geographical areas can 
be constrained by data gaps for certain organisms/communities, either due to lack 
or information or to the absence of the target communities in some places (Paul 
2003).  
 
Lessons learned and future perspectives  
Theoretical and applied issues related to bioindicators have been mainly 
developed during the past 40 years (Niemi & McDonald 2004), and sound scientific 
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knowledge in this field has been transferred and applied to management. To 
effectively protect coastal ecosystems integrity, and consequently the good and 
services they provide and, finally, human welfare (Galloway 2006), bioindicators 
may detect damages, identify causative agents, guide appropriate interventions 
and remedial actions, and assess whether or not these measures have been 
effective. However, all these needs are still far from being completely solved. In this 
study, we provided some basic criteria that can help users to adequately choose 
among the available indices (or to combine them or to create a new one). 
The first is the relevance of the index to Ecosystem Integrity. Most multi-
bioindicator indices that include different organization levels, and biotic indices 
based on structural attributes at the community-level successfully meet this 
criterion. By contrast, single bioindicators and multi-biomarker indices fail in 
providing an integrative view of the ecosystem status. On the other hand, indices 
based on functional attributes at the community level or aggregative indices are, 
ideally, those that better reflect the Ecological Integrity concept, although they are 
faced to problems of applicability. 
A second aspect is the large-scale applicability. Coastal water management is 
increasingly tending to encompass large geographical areas, and consequently 
bioindicators should be obtained from species or communities widely distributed 
and should be robust against geographical variability. This bioindicator robustness 
is, however, complicated by bio-ecological problems (e.g. one species behaves 
differently in different areas of its geographical distribution, spatial heterogeneity of 
biological responses); and methodological difficulties (e.g. methods have been 
developed to accommodate local constraints, but additional difficulties emerge 
when they are transferred from one area to another). Also related to the 
geographical variability, a third important aspect is the definition of the reference 
conditions incorporating the natural variability. The main problems identified in 
deriving reference conditions arise from the absence of unimpacted areas in some 
regions. The different criteria used for defining reference conditions have an 
important effect on biotic indices precision and robustness. Consequently, for 
large-scale water quality assessments, a consensus is needed within the scientific 
community, not only in the comparison between the different strategies and 
methods used in different geographic areas but also in ecological aspects of the 
community health (e.g. what is a reference condition). Complex intercalibration 
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exercises have been initiated (Buffagni & Furse 2006, Borja et al. 2007, Foden 
2007), but more research is still needed. Additionally, through the continued 
implementation of long-term and extensive monitoring programs, more information 
becomes available, and a continuous refinement in the methods and in the 
ecological aspects of the community health can be achieved.  
A third crucial aspect is the early-detection capacity. Biomarkers, and, 
consequently biotic indices including them (multi-biomarker and multi-bioindicator 
indices), seem to better attain this criterion. The lack of early detection ability of 
biotic indices based on structural attributes at the community level can be partially 
solved by assessing highly sensitive communities that respond to stressors faster 
than others (Martínez-Crego et al. submitted). Similarly, if attempts are made to 
integrate indices at the community level with more specific bioindicators of stress 
(e.g. biomarkers, see Crowe et al. 2004, Cohen & Fong 2006, Damásio et al. 
2007), advantages not only related to the early-detection capacity, but also related 
to linking ecosystem degradation with its causative stressors could be attained. 
Finally, the identification of the causes of ecological integrity deterioration, when 
and/or where it occurs, is a rather challenging aspect with obvious practical 
implications. Again, biomarkers (and biotic indices including then) can be useful to 
this aim, although it is necessary to combine them with physico-chemical 
parameters, and stressors information (Depledge et al. 1995). To test stressors 
severity, bivariate or multiple correlations or regression analysis, and multivariate 
methods between stressors and biological responses have been used. However, 
these associations do not imply a causal link between them, and therefore, can 
provide not conclusive evidences about causes of ecosystem impairment (Van 
Sickle et al. 2006). The use of multiple lines of evidence seems the most adequate 
approach for inferring causality (Adams 2005). Moreover, to offer a compact and 
comprehensive assessment of the relative importance of multiple stressors, two 
facts should be taken into account. Firstly, components of ecosystems (e.g. fish, 
macroinvertebrates) would respond differently to various stressors. Secondly, if 
stressors are correlated, then their individual effects cannot entirely be teased 
apart, and relative risk estimates may give a misleading picture of their relative 
effect severities. Then, the identification of individual stressors would become 
impossible in some cases, as deterioration results from diffuse impacts of multiple 
origins, either synergistic or additive. 
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We conclude that there is no single biotic index better than all the others 
regarding all these five criteria. Consequently, and at the present state of our 
knowledge, the best strategy for an optimum assessment of the environmental 
status of coastal waters is the simultaneous use of different indices with 
complementary strengths. Biotic indices that aggregate multiple individual indices 
obtained from several communities provide advantages in this direction, however 
they usually integrate available and not necessarily complementary individual 
indices. Other attempts in this way are provided by relative comparisons between 
complementary indices (Xu et al. 2004, Marques et al. 1997), however they do not 
provide an aggregative approach.  
Three major empirical, conceptual and communicative aspects will need more 
development in the field of bioindicators in the near future. First, more research is 
needed to increase our knowledge on bioindicators behavior, and, specifically, their 
link with structural and functional aspects of the ecosystem. Second, an effort 
should be made to better frame the field of bioindicators into the general ecological 
theory. Different approaches are possible, some of them already mentioned here; 
in addition, the concept of resilience applied to socio-ecological systems can be a 
promising issue (Folke 2006), with implications not only of the conservation of 
ecosystems functioning and services, but also for ecosystems recovery and 
restoration (Scheffer et al. 2001).  
Finally, it should be always taken into consideration that the field of 
bioindicators is at the interface between science and management, and, therefore, 
society. Communication between managers and the scientific community is 
essential, as well as an increase of public awareness. 
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Tal como ocurría con la introducción, puesto que la presente tesis está constituida 
por un compendio de artículos, los resultados obtenidos han sido ya 
suficientemente discutidos en cada uno de los capítulos correspondientes. Por 
tanto, en la discusión general nos centraremos en aspectos más generales 
basados en la combinación de los resultados obtenidos en los diferentes capítulos 
(secciones primera y segunda), o en la recopilación de propuestas de líneas de 
actuación o de investigación para el futuro (secciones tercera y cuarta). 
 
Herramientas basadas en los ecosistemas de Posidonia oceanica para 
el seguimiento del estado ecológico de las aguas costeras 
A pesar de los extensos conocimientos sobre las respuestas de estas 
fanerógamas ante perturbaciones antropogénicas (ver introducción y Capítulo II), 
existen pocas herramientas que utilicen estos conocimientos para evaluar el 
estado de las aguas costeras a escalas espaciales y temporales dilatadas. En 
base a la clasificación de bioindicadores e índices bióticos establecida en el 
Capítulo V, las distintas herramientas basadas en los ecosistemas de Posidonia 
oceanica que abordamos en la presente tesis (Capítulos I a IV) engloban tres de 
las cuatro aproximaciones utilizadas en el marco de las estrategias para la 
evaluación del estado ecológico de las aguas costeras. Si tenemos en cuenta los 
requisitos de los bioindicadores que se desprenden de estas estrategias (Capítulo 
V), las herramientas desarrolladas presentan una serie de fortalezas y debilidades 
que, en general, coinciden con las de su grupo como veremos a continuación.  
La actividad fosfatasa alcalina (APA, Capítulo I) proporciona un ejemplo de 
biomarcador basado en características funcionales de P. oceanica como especie 
centinela. Este biomarcador es eficaz para la detección temprana de un impacto 
específico, la eutrofización de las aguas y puede aplicarse a escala regional 
(centenares de kilómetros). Sin embargo, no refleja la integridad global del 
ecosistema y su utilización presenta una serie de limitaciones y dificultades. 
Diversos factores confunden su respuesta y limitan su uso, entre ellos, factores 
biológicos como la rápida inducción de su respuesta (pocos días), o su variabilidad 
estacional, así como factores ambientales que difieren entre praderas influyendo 
sobre la disponibilidad de nutrientes, como la profundidad o el contenido de 
carbonatos en el sedimento. Por otro lado, su correcta utilización requiere aún 
identificar tanto las condiciones de referencia (niveles basales de APA), como los 
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valores límites de lo que se considera una desviación aceptable o inaceptable 
respecto a ellas. En definitiva, este estudio refleja que es necesaria una indicación 
más general de la integridad global del ecosistema que la proporcionada por un 
simple biomarcador específico de eutrofización, y se sugiere su uso con cierta 
cautela y como complemento de otros bioindicadores.  
El “Posidonia oceanica Multivariate Index” (POMI, ver Capítulo IV) es un 
ejemplo de índice que agrega múltiples bioindicadores. Este índice biótico 
combina, mediante análisis de componentes principales, diversos bioindicadores 
de diferente especificidad y obtenidos a diferentes niveles de organización 
biológica (sub-individuo, individuo, población y comunidad), proporcionando una 
visión más o menos completa de la integridad del ecosistema, y ofreciendo 
interesantes ventajas para la evaluación del efecto (letal y sub-letal) de múltiples 
presiones antrópicas. Los bioindicadores incluidos en el índice han sido 
previamente seleccionados para maximizar la discriminación entre praderas 
degradadas y no degradadas a escala regional, minimizando la variabilidad 
asociada a factores naturales (Capítulo II). El elevado número de bioindicadores 
incluidos, junto al hecho de que todos ellos estén inequívocamente relacionados 
con la calidad ambiental, conlleva un elevado nivel de redundancia interna en la 
matriz de datos. Esto confiere al POMI robustez suficiente para absorber, sin que 
se resienta la clasificación del estado ecológico de las praderas, variaciones 
aleatorias pequeñas o moderadas en los datos como las que pueden derivarse de 
variaciones espaciales o temporales naturales, y de errores de muestreo o 
analíticos independientes de cambios antrópicos en la calidad ambiental. El 
intervalo de incertidumbre para los límites entre categorías de estado ecológico 
establecidos en el POMI es de 0.04 veces el rango del EQR (Caño 2007). Dentro 
de este rango, en la clasificación de las estaciones, especialmente entre el estado 
moderado y bueno (0.515 a 0.595), el criterio de experto tiene una gran 
importancia, al menos hasta que se adquiera un mejor conocimiento de la 
variabilidad espacial y temporal del índice. Por otro lado, actualmente la aplicación 
de este índice en diversas áreas geográficas está limitada por la falta de datos 
extensivos sobre algunos de los bioindicadores incluidos en el índice. Aunque una 
posible solución es la utilización de versiones del POMI considerando un menor 
número de bioindicadores, los efectos de esta reducción sobre la robustez, la 
especificidad frente a múltiples presiones antrópicas o factores de estrés, y la 
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resolución espacio-temporal deben ser testados previamente a su uso. Otra 
ventaja adicional de este índice es que puede ser interpretado globalmente (para 
obtener una visión completa de la integridad del ecosistema), o ser interpretado en 
términos de los bioindicadores individuales que lo componen y de las 
interacciones e interconexiones entre ellos, lo que mejorará nuestra comprensión 
de las consecuencias biológicas y ecológicas de las presiones antrópicas. Los 
límites entre las diferentes categorías de estado ecológico han sido definidos para 
el valor numérico integrado; sin embargo, la exploración de los límites de cambio 
de los bioindicadores individuales incrementará nuestro conocimiento sobre los 
niveles de cambio en las respuestas biológicas y ecológicas que el sistema es 
capaz de realizar o “absorber” sin cambiar su funcionamiento general. Por último, 
para desarrollar el POMI se han utilizado condiciones de referencia virtuales 
(estaciones óptima y pésima) creadas a partir de los propios datos. Esto confiere 
una ventaja para la aplicabilidad del índice en áreas geográficas diversas, sin 
embargo, es necesario definir unas condiciones de referencia fijas que minimicen 
las variaciones interanuales en el valor del EQR derivadas del uso de estaciones 
óptima y pésima diferentes cada año. El hecho de que al modificar las condiciones 
de referencia se produzcan variaciones de décimas de EQR (Caño 2007), refleja la 
importancia de definir con precisión unas condiciones de referencia fijas. En este 
sentido, se ha explorado la posibilidad de utilizar como estación óptima de 
referencia praderas no perturbadas existentes en otras áreas geográficas del 
Mediterráneo Nor-Occidental (Menorca y Córcega). Sin embargo, estas praderas 
no se sitúan en el extremo de la clasificación (Martínez-Crego et al., datos no 
publicados). Por tanto, la recolección de nuevos datos mediante la red de 
seguimiento anual existente en la costa catalana (Agencia Catalana del Agua 
2006) o mediante ejercicios de intercalibración, parece la vía a seguir para obtener 
unas condiciones de referencia fijas y precisas que incorporen la variabilidad 
natural.  
Por otro lado, tanto la composición específica de la comunidad epífita que 
crece sobre las hojas de P. oceanica, como la proporción de ciertos grupos 
taxonómicos (hidrozoos, rodofitas y clorofitas, ver Capítulo III), pueden dar lugar a 
índices bióticos basados en características estructurales a nivel de comunidad. 
Para alcanzar este objetivo, es aún necesario definir las condiciones de referencia, 
y los límites entre categorías de estado ecológico. Sin embargo, las propiedades 
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de esta aproximación se pone ya de manifiesto en el estudio realizado en la 
presente tesis. Estas medidas reflejan el estado global del ecosistema a escala 
regional, y responden sensiblemente a las diversas presiones antrópicas 
presentes en la región estudiada mostrando una respuesta integradora que refleja 
lo que ocurre al considerar agregativamente múltiples bioindicadores. Esta 
respuesta integrativa supone, sin embargo, una falta de especificidad ante las 
diversas presiones antrópicas. Una posible solución a explorar en el futuro es la 
combinación de estas medidas con biomarcadores específicos de determinados 
factores de estrés, como el contenido de nutrientes o metales en los epífitos, las 
trazas isotópicas de carbono, nitrógeno y/o azufre, etc. Por otro lado, una variación 
del valor de los índices basados en atributos estructurales a nivel de comunidad 
supone que ha tenido lugar algún efecto a nivel supra-individual (aumento o 
disminución de la abundancia de especies). Esto generalmente limita su 
capacidad de detección temprana de cambios en el estado del ecosistema. Sin 
embargo, la comunidad epífita es altamente sensible, y responde a las 
perturbaciones más rápido que la propia planta. El papel que potencialmente 
juegan los epífitos en el declive de las praderas, a través de la reducción de la luz 
disponible para los tejidos fotosintéticos de la planta (Cambridge et al. 1986, 
Silberstein et al. 1986, Hauxwell et al. 2003), resalta la utilidad de la evaluación de 
cambios sensibles en la composición de la comunidad epífita como señal de 
alarma previa a la aparición de daños mayores sobre la pradera. Por otro lado, 
nuestro estudio muestra la necesidad de considerar la época de muestreo, la 
profundidad y las características bióticas de la planta cuando se utilizan medidas 
basadas en la composición taxonómica de la comunidad epifita. Sin embargo, la 
mayor limitación del uso de los índices derivados de estas medidas es la 
necesidad de un elevado nivel de experiencia y actualización de los conocimientos 
taxonómicos. Mientras que el uso de la composición específica de la comunidad 
epífita requiere una identificación a nivel de especie, la resolución taxonómica 
requerida es menor cuando trabajamos con la proporción de hidrozoos, rodofitas y 
clorofitas. A su vez, una vía a explorar en el futuro es la identificación de especies 
potencialmente indicadoras muestreando en la época del año en la cual tanto la 
riqueza específica (Cinelli et al. 1984) como la biomasa de epífitos (Romero 1988) 
alcanzan su máximo (verano). Sin embargo, el hecho de muestrear sólo la hoja 
más vieja justo antes de su caída (en otoño), hace que el método sea 
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relativamente no destructivo. Finalmente, la independencia de estas medidas de la 
asignación arbitraria de un nivel de sensibilidad o tolerancia a las diferentes 
especies o grupos taxonómicos, hace pensar en su posible aplicabilidad en 
diversas regiones o áreas geográficas.  
En esta tesis hemos desarrollado diversas aproximaciones para la evaluación 
del estado ecológico de las aguas costeras basadas en los ecosistemas de P. 
oceanica con una capacidad de detección temprana de los efectos de las 
perturbaciones antrópicas. Sin embargo, todas las herramientas proporcionadas 
tienen una aplicabilidad geográfica restringida al Mediterráneo, donde P. oceanica 
es endémica. Una interesante línea a explorar en el futuro es la adaptación de 
estas herramientas a otras especies de fanerógamas. Sin embargo, incluso en el 
Mediterráneo, y considerando sólo esta especie, existen dificultades para que la 
comunidad científica alcance un consenso acerca de lo que debe ser considerado 
un buen estado de salud de las praderas (condiciones de referencia), y de los 
límites entre categorías de estado ecológico. Estas dificultades se han puesto de 
manifiesto en los ejercicios de intercalibración realizados hasta la fecha. Su 
resolución es de vital importancia para alcanzar una protección equivalente de las 
aguas costeras en diversas regiones. En el caso de utilizar herramientas 
multivariantes para la clasificación, estas dificultades se amplían a la necesidad de 
definir unas condiciones altamente degradadas.  
Por otro lado, la identificación de las actividades humanas más estrechamente 
relacionadas con los impactos identificados es otro punto sin resolver. A pesar de 
que las correlaciones bivariantes detectadas entre presiones antrópicas y 
respuestas biológicas proporcionan evidencias sobre una relación causa-efecto, 
estas evidencias no son concluyentes (van Sickle et al. 2006). Además, el hecho 
de que diversas actividades humanas interactúen entre sí modificando diversos 
factores ambientales simultáneamente hace que los efectos individuales no 
puedan ser enteramente separados unos de otros. Por tanto, para obtener una 
visión más completa del estado ecológico de las aguas costeras y de las presiones 
antrópicas que suponen una mayor amenaza, las herramientas basadas en los 
ecosistemas de P. oceanica deben ser combinadas con otros índices basados en 
otros componentes o ecosistemas (p.e. macroalgas, macroinvertebrados 
bentónicos, fitoplancton, etc.) que responden de manera diferente a los impactos, 
siguiendo el principio de uso de múltiples líneas de evidencia para inferir 
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causalidad (Adams 2005). El desarrollo de índices que agregan múltiples sub-
índices basados en diversos principios ecológicos, combinados con información 
sobre los factores causantes de estrés (datos de parámetros fisico-químicos y de 
presiones antrópicas), parece ser la principal línea a seguir en investigaciones 
futuras. 
 
Diagnóstico del estado ecológico de las praderas en la costa catalana 
Como hemos visto, el objetivo de la vigilancia del estado de las praderas de 
Posidonia oceanica es doble. Por un lado evaluar y vigilar un patrimonio sensible, 
amenazado, y legalmente protegido. Por otro lado, utilizar estos ecosistemas 
sensibles como elementos de calidad para evaluar el estado ecológico de las 
aguas costeras. Esta vigilancia o diagnóstico del estado de las praderas debe 
considerar la extensión o superficie ocupada por la pradera, la abundancia 
(entendida como número de individuos o efectivos), y la vitalidad de las praderas 
(estimada a partir de medidas fisiológicas, morfológicas o de las interacciones con 
epífitos y herbívoros).  
El estudio preciso de la extensión ocupada por praderas de P. oceanica en la 
costa catalana es aún una asignatura pendiente. Sin embargo, estudios previos 
revelan que de los cerca de 500 km de costa catalana, la superficie ocupada por 
las praderas es aproximadamente de entre 4000 y 6000 ha., lo que supone 
probablemente un 75-80% de la superficie original (época preindustrial) o de la 
que potencialmente podrían colonizar sin considerar las zonas de influencia fluvial 
entre 0 y 30m de profundidad (modificado a partir de Pesca i Afers Marítims 1995). 
Las pérdidas extensivas de superficie vegetada ocurrieron mayoritariamente en 
una época incierta anterior a los años 90. A partir de la década de los 90 no se 
han producido pérdidas de superficie vegetada significativas que afecten a más 
del 1% del total, de acuerdo con estimas basadas en el monitoreo de la cinética 
del límite profundo de las praderas (Renom & Romero 2001). Esta desaceleración 
en la regresión de las praderas parece ser extensiva a todo el Mediterráneo Nor-
Occidental (Boudouresque et al. 2006).  
En cuanto a la abundancia de efectivos de la población, medidas de densidad 
de haces y de cobertura de las praderas realizadas tanto en esta tesis (Capítulo 
IV), como en años sucesivos de seguimiento (Agencia Catalana del Agua 2006) y 
en estudios previos a largo plazo (periodo 1998-2001, ver Renom & Romero 2001) 
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muestran que la mayor parte de las praderas de la costa catalana presentan 
valores de densidad y cobertura por debajo del óptimo esperado para la 
profundidad a la que crecen (ver Pergent et al. 1995). 
En relación a la vitalidad de las praderas, los estudios previos son 
exclusivamente locales. En esta tesis presentamos, por primera vez, un estudio 
extensivo de la vitalidad de las praderas basado en un índice biótico multivariante 
(POMI, ver Capítulo IV), cuyos resultados concuerdan con los obtenidos en base a 
medidas basadas en la composición taxonómica de los epífitos foliares (Capítulo 
III). Este estudio muestra que aprox. el 72.7% de las 22 praderas estudiadas se 
encuentran en un estado ecológico bueno o muy bueno, mientras que un 14.6% 
presentan síntomas de deterioro (estado moderado), y en un 14.6% la 
degradación es grave (mal estado). El seguimiento realizado en los dos años 
sucesivos (periodo 2004-2005, ampliado a 27 praderas, ver Agencia Catalana del 
Agua 2006) muestra escasas fluctuaciones en estos resultados.  
Por tanto, el nivel de deterioro de las praderas de la costa catalana desde el 
punto de vista de su extensión y abundancia es elevado, aunque parece haberse 
frenado desde la década de los 90. Diversas medidas legales y administrativas 
tanto regionales (Ordre de 31 de juliol de 1991, per a la regualció d´herbassars de 
fanerògames marinas) como nacionales e internacionales (Directiva Hábitat, 
Directiva Marco del Agua) pueden haber favorecido esta reducción en la tasa de 
degradación. En cuanto a la vitalidad de las praderas, un 29% de las praderas 
debe aún alcanzar un buen estado ecológico, lo cual requiere un esfuerzo de 
gestión mayor al realizado hasta la fecha.  
 
La gestión de los ecosistemas de P. oceanica: protección vs 
restauración o compensación 
La gestión integrada y el desarrollo sostenible son objetivos que están implícitos 
en las estrategias nacionales e internacionales para la gestión del estado 
ecológico de las aguas costeras, y del patrimonio y la biodiversidad natural. Estos 
objetivos conllevan, como hemos visto, un proceso en el que destacan tres líneas 
de actuación: el conocimiento científico, la legislación, y la divulgación y 
sensibilización social. 
El conocimiento científico sobre la estructura y funcionamiento de los 
ecosistemas de P. oceanica es amplio, y nos ha permitido el desarrollo de 
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bioindicadores e índices bióticos eficientes para el diagnóstico y seguimiento del 
estado de estos ecosistemas. Sin embargo, dos puntos importantes deben ser 
tenidos en cuenta, los cambios de régimen de los ecosistemas, y la interconexión 
entre diferentes ecosistemas.  
La respuesta de los ecosistemas ante condiciones ambientales cambiantes 
(p.e. climáticas, disponibilidad de recursos como nutrientes o luz) varía entre 
suave (continua) o discontinua. Dentro de este espectro, la existencia de 
regímenes estables alternativos en una posibilidad más, pero con importantes 
implicaciones desde el punto de vista de la conservación de los ecosistemas. Por 
un lado, el cambio de régimen de un ecosistema supone la pérdida de su 
estructura y funcionamiento, y por tanto, de los servicios que proporcionaba; y por 
otro lado, es difícil de detectar o predecir antes de que haya ocurrido debido a su 
dinámica intrínsecamente no-lineal (Scheffer et al. 2001, Scheffer & Carpenter 
2003). Diversos eventos pueden desencadenar estos cambios, aunque se ha 
observado que una disminución de la resiliencia del ecosistema (sensu en 
Carpenter et al. 2001) debido a impactos antropogénicos facilita el cambio hacia 
un régimen alternativo. En general los ecosistemas de P. oceanica son resilientes 
al cambio, y son capaces de absorber perturbaciones (naturales o antrópicas) 
reconstruyendo su estructura y evitando cambios de régimen. La combinación de 
impactos “top-down” (pérdida de biodiversidad, eliminación de depredadores por 
sobreexplotación) y “bottom-up” (eutrofización, perturbaciones hidrodinámicas y 
sedimentarias, cambio climático) modifican los procesos internos de 
autorregulación de los ecosistemas de P. oceanica (autosombreado, interacciones 
bióticas como el desarrollo de epífitos o el consumo por herbívoros), disminuyendo 
su resiliencia y convirtiéndolos en vulnerables frente a cambios de régimen como 
consecuencia de eventos poco frecuentes (p.e. introducción de especies 
invasoras), o al sobrepasar ciertos umbrales en los niveles de impacto (o 
parámetros control que normalmente son autorregulados por el propio sistema). 
Las perturbaciones que desencadenan los cambios de régimen de los 
ecosistemas son difíciles de predecir y controlar. Por tanto, el mantenimiento de la 
resiliencia de los ecosistemas en su régimen “deseable” parece ser la vía más 
práctica y efectiva de gestionarlos en el contexto de los crecientes cambios 
ambientales (Scheffer et al. 2001). La identificación de umbrales en los diferentes 
indicadores biológicos y ecológicos, mediante la acumulación de datos a partir de 
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redes de vigilancia extensivas, puede ayudar a identificar los niveles de cambio 
que el ecosistema es capaz de resistir con cambios en los detalles pero no en el 
funcionamiento general. A su vez, datos obtenidos en Menorca y Córcega parecen 
indicar que dichos valores podrían ser extrapolables a otras áreas geográficas 
(Martínez-Crego et al., datos no publicados). Cabe destacar la importancia de 
series temporales largas para extraer conclusiones satisfactorias sobre los 
procesos ecológicos, y sobre los cambios de régimen y sus umbrales (Scheffer & 
Carpenter 2003). De este modo, las redes de vigilancia del estado de los 
ecosistemas, además de proporcionar un diagnóstico y fundamentos para las 
medidas de gestión, pueden ayudar a testar conceptos de ecología teórica y a su 
correcta definición. 
Por otro lado, la conectividad entre praderas (Procaccini et al. 2001, Orth et al. 
2006b), y entre éstas y otros hábitats con los que interacciona (Valiela & Cole 
2002, Duffy 2006) es probablemente otro factor importante que afecta a la 
resiliencia de las praderas. Por tanto, es necesaria una representación más 
realista de las dinámicas de los ecosistemas que incorpore la interdependencia 
funcional y estructural entre los diferentes ecosistemas. Si bien se han dado ya 
ciertos pasos para integrar los resultados obtenidos en base a diversos 
ecosistemas, especies o grupos de especies (Ver capítulo V), en el campo de los 
bioindicadores una aproximación holista de este tipo es aún un reto a asumir en el 
futuro.  
En cuanto a la legislación, la correcta gestión de las praderas requiere 
fortalecer las medidas preventivas, dada la dificultad de las medidas de 
restauración de las que están altamente degradadas, o de las medidas 
compensatorias. El éxito de la restauración o recuperación de praderas altamente 
alteradas no sólo requiere revertir los factores que originaron el cambio 
(restauración de las condiciones ambientales), que pueden adquirir valores más 
bajos que los preexistentes debido a los efectos de histéresis (Munkes 2005), sino 
que requiere la ruptura de los factores de retroalimentación (ambientales y 
biológicos) que mantienen el sistema en un estado o régimen “no deseable” (p.e. 
eliminación de los organismos que han pasado a dominar el sistema), y la 
restauración de los factores de retroalimentación que mantenían el ecosistema en 
el estado o régimen “deseable” (p.e. la introducción de especies eliminadas, 
control de la abundancia de herbívoros). Además, la recuperación de la densidad 
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de haces y de la cobertura de las praderas de P. oceanica tras la eliminación de 
las perturbaciones antrópicas es un proceso lento que puede requerir decenas o 
cientos de años (González-Correa et al. 2005). La recuperación se convierte por 
tanto en una tarea no sólo con un elevado coste, sino tan extremadamente 
complicada que podría considerarse imposible, o cuanto menos incierta. Las 
medidas compensatorias para mitigar o compensar el daño incluyen la creación de 
hábitats que reemplacen a los destruidos. Sin embargo, el funcionamiento de los 
hábitats creados no es el mismo que el de los hábitats degradados, y 
consecuentemente no proporcionan los servicios esperados (Elliot 2004). En otras 
especies de fanerógamas se han descrito casos de recolonización natural desde 
áreas distantes en zonas impactadas donde se ha eliminado la fuente de 
contaminación, sin embargo, el tiempo requerido para recuperar la estructura y 
funcionamiento originales es elevado (décadas, ver Bryars & Neverauskas 2004). 
A su vez, el transplante de plantas, esquejes o de semillas germinadas de 
fanerógamas marinas es un proceso complicado que tiene generalmente una baja 
tasa de éxito a la escala espacial y temporal requeridas (Campbell 2002, Elliot et 
al. 2007). La supervivencia de los transplantes depende de diversos factores como 
la profundidad (Molenaar & Meinesz 1992) y lugar (Meinesz et al. 1993) de 
procedencia de los transplantes, la época del año (Meinesz et al. 1992), la 
morfología de los haces (Molenaar et al. 1993), el tipo de sustrato sobre el que se 
realizan los transplantes (Balestri et al. 1998), o la diversidad genética de las 
praderas donantes (Procaccini & Piazzi 2001). A su vez, puede verse dificultada 
por la necesidad de satisfacer los requerimientos de nutrientes para el crecimiento 
de los esquejes (Lepoint et al. 2004) y de un anclaje suficiente para resistir el 
efecto de las corrientes (Paling et al. 2001), por el daño provocado a los 
transplantes por herbívoros o poliquetos (Hughes et al. 2000), por la inadecuada 
selección del lugar para el transplante (Short et al. 2002), o por la persistencia de 
las perturbaciones que causaron la regresión de la pradera (Meehan & West 
2002). 
En lo que a medidas de protección y prevención se refiere, las dos dificultades 
principales son: la importancia de los impactos difusos como causantes del 
deterioro de las praderas, y la fragmentación administrativa en cuanto a las 
responsabilidades sobre estos ecosistemas y sobre las presiones humanas que 
les afectan. La efectividad de medidas de protección basadas en la eliminación del 
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vertido de nutrientes se ha reflejado en la recuperación de praderas constituídas 
por otras especies de fanerógamas (Tomasko et al. 2005). A una escala local, las 
áreas marinas protegidas (MPAs, González-Correa et al. 2007), y otras medidas 
de vigilancia del cumplimiento de la legislación vigente en relación a la pesca de 
arrastre (Reglamento CE 1626/94), y al control de las zonas de fondeo y dragados 
de arenas, pueden proteger efectivamente las praderas de perturbaciones locales. 
Sin embargo, la contaminación difusa (p.e. eutrofización, perturbaciones 
hidrodinámicas y sedimentarias) actúa a una escala espacial y temporal mayores, 
y es difícil de controlar (incluso en las MPAs, ver Marbá et al. 2002b). La 
importancia de los impactos difusos como causantes del deterioro de las praderas 
queda reflejada en esta tesis, tanto por las correlaciones entre las respuestas 
biológicas y las presiones antrópicas como por el hecho de que el 67% de las 
presiones humanas relevantes en la region estudiada sean difusas (Capítulos III y 
IV). El control de la contaminación difusa, aunque complejo, debe asumir la 
vigilancia del cumplimiento de la legislación vigente en relación a la depuración de 
aguas residuales urbanas (Directiva 91/2717/CEE, Convenio de Barcelona) en 
municipios costeros, así como el control de las tasas actuales de construcción 
urbanística y de obras costeras, la creación de una red de espacios protegidos 
conectada, y la protección de especies o ecosistemas que están directa o 
indirectamente conectados. En el caso de las praderas de fanerógamas, esta 
última medida debe conllevar el control de la sobrepesca, que puede eliminar 
directa o indirectamente a los herbívoros que controlan la proliferación de epífitos 
algales durante eventos de eutrofización (Hughes et al. 2004), o a los 
depredadores que controlan la población de herbívoros. Las medidas legales y de 
gestión deben impulsar la adquisición de conocimientos científicos sobre los que 
fundamentar sus decisiones, pero el mayor reto a asumir en los próximos años 
para dar respuesta a estos aspectos es el de la coordinación interadministrativa 
prevista en la Ley 42/2007. 
Por último, aunque no menos importante, es necesaria una labor de 
divulgación y sensibilización sobre el patrimonio natural enfocada a conseguir la 
implicación de la sociedad en su conservación efectiva. La concienciación 
ciudadana para buscar la sostenibilidad de los recursos en beneficio del conjunto 
de la sociedad, requiere convertir ese objetivo en deseable (Costanza et al. 2000), 
y que los individuos confíen que el objetivo deseable es alcanzable (Rankin et al. 
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2007). Esto es difícil de conseguir, pues los beneficios a largo plazo rara vez 
adquieren un peso suficiente, y sin una educación, sensibilización, y 
concienciación apropiadas, son vistos con escepticismo. La “tragedia de los 
comunes” proporciona una analogía que describe cómo los beneficios basados en 
intereses individuales se convierten en costes que son asumidos por todos los 
miembros del grupo o población (Hardin 1968). Esta analogía permite comprender 
por qué se sobreexplotan los recursos comunes o compartidos cuando prevalecen 
los intereses economicos individuales en su utilización. La contaminación 
ambiental, el cambio climático y la sobreexplotación de las pesquerías son 
ejemplos de este problema que afecta a bienes públicos (comunes). En la 
naturaleza, organismos con escasa habilidad cognitiva son capaces de resolver 
este problema con escaso o poco conocimiento o habilidades comunicativas. 
Nuestras ventajas comunicativas y de previsión, deberían facilitarnos la 
consecución de este objetivo (Rankin et al. 2007). La economía se basa en la 
satisfacción de las preferencias y gustos de los consumidores, considerados fijos 
en el modelo económico tradicional. Sin embargo, si el objetivo final es la 
sostenibilidad a largo plazo, a esta escala temporal las preferencias y gustos de 
los consumidores no pueden ser considerados fijos, puesto que cambian 
lentamente bajo la influencia de la educación, la moda, la cultura. Por tanto, es 
posible dirigir las preferencias hacia la consecución de un objetivo mayor, la 
sostenibilidad (Costanza 2000), mediante la divulgación y sensibilización 
ciudadana sobre el valor del patrimonio natural. Este reto ha sido asumido con 
éxito durante un tiempo en el caso de las praderas de P. oceanica mediante la 
participación de voluntarios ajenos al mundo científico en redes de seguimiento del 
estado de su abundancia (Renom & Romero 2001), o de su diversidad 
(http://www.kennaecodiving.net/html/surveys.html) en la costa catalana o 
valenciana (http://www.ecologialitoral.com/EA/voluntariado/Memoria.pdf). Si bien el 
valor científico de los datos obtenidos es relativo, se logró combinar una actividad 
deportiva de ocio, el buceo, con la valoración del patrimonio por la población local. 
 
Cambios de régimen en los ecosistemas de P. oceanica  
Las praderas de Posidonia oceanica proporcionan, como hemos visto, múltiples 
servicios ambientales que repercuten sobre el bienestar socio-económico de la 
población. Por tanto, la regresión de las praderas supone un cambio de régimen 
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del sistema “no deseable”. Si además tenemos en cuenta la cuantificación 
monetaria de los servicios de los ecosistemas de fanerógamas realizada por 
Costanza et al. 1997, la regresión de las praderas supone un coste económico 
nada despreciable. 
La regresión de las praderas de P. oceanica puede conllevar un cambio de 
régimen del sistema en el que esta especie es sustituida por especies de 
fanerógamas pioneras, de vida más corta y crecimiento más rápido, como 
Cymodocea nodosa (especialmente en praderas someras, ver Montefalcone et al. 
2006), por otros organismos como macro- y micro-algas (Duarte 1995, Deegan et 
al. 2002, Burkholder et al. 2007), por especies invasoras como Caulerpa taxifolia 
(Ceccherelli & Cinelli 1997) o C. racemosa (Ceccherelli 2003, Ruitton et al. 2005), 
por mata muerta (Montefalcone et al. 2006, Moreno et al. 2001) o por sedimentos 
sin vegetación que pueden ser colonizados por otros organismos característicos 
de fondos blandos (p.e. bivalvos, ofiuras, ver van Nes et al. 2007).  
Frecuentemente, estos cambios de régimen son facilitados por perturbaciones 
antrópicas que alteran las condiciones ambientales (p.e. eutrofización, Burkholder 
et al. 2007), o simplifican las cadenas tróficas (p.e. la sobrepesca, Heck et al. 
2000, Jackson et al. 2001). Estas alteraciones inducen cambios en los procesos y 
el funcionamiento interno de los ecosistemas de P. oceanica disminuyendo su 
resiliencia y convirtiéndolos en vulnerables frente a la aparición de cambios de 
régimen. Por ejemplo, P. oceanica dispone de mecanismos para competir 
ventajosamente frente a otras fanerógamas de crecimiento más rápido (Olesen et 
al. 2002) o especies invasoras (e.g. Dumay et al. 2002 y 2004, Ceccherelli 2003), 
sin embargo, las praderas sometidas a estrés por procesos antropogénicos se 
vuelven vulnerables ante la colonización por otras especies (Ceccherelli & Cinelli 
1997, Occhipinti-Ambrogi & Savini 2003). Los cambios hacia regimens alternativos 
son propagados por la interacción de diversos mecanismos retroactivos que 
aceleran de la pérdida de superficie vegetada (Duarte 1995), a la vez que 
convierten el nuevo régimen en persistente frente al cambio (van Nes et al. 2007), 
dificultando los intentos de recuperación y restauración de los ecosistemas de 
fanerógamas. Así, la reducción de la cobertura de la pradera aumenta la 
exposición de los sedimentos a las corrientes, facilitando su resuspensión, con la 
consiguiente intensificación de la turbidez y el aumento de la concentración de 
nutrientes en la columna de agua (Bulthuis et al. 1984), lo que facilita la 
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proliferación de algas y cianobacterias. Los sedimentos blandos que quedan al 
descubierto son colonizados por organismos característicos (poliquetos, bivalvos, 
crustáceos enterrados), que modifican las propiedades del sedimento, dificultando 
la recuperación de las praderas (Kelly & Volpe 2007). Por otro lado, tienen lugar 
cambios en la estructura trófica; en unos casos se ha descrito un efecto negativo 
de la eutrofización sobre las poblaciones de herbívoros, lo que a su vez facilita la 
dominancia algal (Burkholder et al. 2007); en otros casos, la eliminación de 
depredadores por sobrepesca puede ser la causa de las proliferaciones de 
herbívoros descritas como causantes de la regresión en ciertas áreas (Larkum & 
West 1990). La demanda de oxígeno aumenta para la descomposición de los 
tejidos de fanerógamas y algas muertas induciendo anoxia en el sedimento 
(Lavery & McComb 1991), a la vez que la turbidez hace que la producción de 
oxígeno durante la fotosíntesis sea insuficiente para compensar la respiración de 
la planta y mantener las condiciones oxigénicas de la biomasa subterránea, 
produciéndose intrusion de sulfhídrico y mortalidad de haces (Borum et al. 2005).  
Estas observaciones ilustran cambios potenciales hacia regímenes estables 
alternativos, en los que nuevas especies, procesos y retroalimentaciones entre 
especies y ambiente dominan el funcionamiento del ecosistema (Duffy 2006, 
Montefalcone et al. 2006). La heterogeneidad espacial que caracteriza a los 
diversos ecosistemas refleja que regímenes alternativos coexisten, formando un 
mosaico de manchas a escala paisajística (Scheffer & Carpenter 2003). Los datos 
de densidad de haces y cobertura de las praderas obtenidos en la presente tesis 
evidencian que regímenes alternativos coexisten a escala local en las praderas, en 
forma de manchas o parches en los que domina otro régimen alternativo (p.e. 
sedimentos desnudos donde dominan organismos característicos de fondos 
blandos). Cuando la escala espacial de estos regímenes alternativos es pequeña, 
se mantiene la “infraestructura” mínima requerida para el funcionamiento del 
ecosistema, y las praderas pueden persistir sin que se incremente la tasa de 
regresión. Es más, la propia pradera tiene mecanismos de autorregulación de su 
abundancia como el autosombreado, o la limitación del crecimiento por nutrientes. 
Sin embargo, si se alcanza un determinado nivel de desestructuración del sistema, 
las praderas dejan de realizar las diversas funciones interdependientes entre sí, y 
los servicios que proporcionaban desaparecen, provocando una aceleración de la 
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pérdida de superficie vegetada (Duarte 1995), y un incremento de la escala 
espacial de los regímenes alternativos.  
Sin embargo, aún son necesarios experimentos y modelos testados a partir de 
series temporales largas para el correcto diagnóstico de estos cambios de 
régimen. La comprensión de los patrones en términos de los procesos ecológicos 
que los producen, y que ocurren a diferentes escalas espaciales, temporales y de 
organización, es la esencia de la ciencia, así como la clave para el desarrollo de 
los principios de gestión (Levin 1992). Un conocimiento de base preciso y 
exhaustivo, es necesario para el desarrollo de redes de vigilancia efectivas del 
estado de los ecosistemas, a la vez que la acumulación de datos a partir de estas 
redes de vigilancia facilita el conocimiento de base mediante su contextualización 
en el marco de la teoría ecológica general.  
 
 160 
 
Discusión General 
161 
 
 
 
 
 
 
Resumen General 
 
 162 
Resumen General 
163 
Introducción 
La actividad humana es una de las mayores fuerzas de cambio tanto local como 
global, que supone una explotación de los recursos y unas transformaciones tales, 
que en la actualidad es difícil entender la estructura y el funcionamiento de los 
ecosistemas sin considerar la presencia humana y los procesos antropogénicos. 
Al mismo tiempo, la economía y la sociedad humana se sustentan en los recursos 
y los servicios que los ecosistemas proporcionan. En este contexto emergen dos 
grandes objetivos vinculados al interés común: la sostenibilidad a largo plazo de 
los sistemas socio-ecológicos, y la distribución equitativa de los recursos, teniendo 
en cuenta la generación presente y las futuras, así como a otras especies. La 
consecución de estos objetivos requiere un cambio de mentalidad, para el cual, el 
conocimiento y consenso científico sobre la estructura y el funcionamiento de la 
red ecológica a la cual estamos conectados debe proporcionar argumentos para la 
conservación de los ecosistemas y para la sensibilización social sobre la 
necesidad de protegerlos, y herramientas para la toma de decisiones legales y de 
gestión, con la sostenibilidad como objetivo final. Un paso importante en este 
sentido ha sido la puesta en marcha de estrategias nacionales e internacionales 
para la conservación de los ecosistemas y de su integración en un marco amplio 
de desarrollo sostenible. En ellas se establece la obligación de las 
Administraciones Públicas de disponer de herramientas para el diagnóstico del 
estado de los ecosistemas, y en caso de que ocurran, de las causas de su 
deterioro. Las herramientas de diagnóstico y vigilancia se convierten, por tanto, en 
una piedra angular de las estrategias mencionadas, lo que ha impulsado la 
investigación de aspectos teóricos y prácticos en el campo de los bioindicadores 
del estado de los ecosistemas. 
Las herramientas de vigilancia y diágnóstico tienen una especial relevancia en 
las zonas costeras. En ellas se concentran tanto la población mundial, como 
diversos usos y actividades humanas. A su vez, los hábitats costeros (manglares, 
arrecifes de coral, marismas, praderas submarinas) son ecosistemas claves para 
el mantenimiento de la productividad y biodiversidad marina, que proporcionan 
servicios esenciales para el desarrollo social y económico. Esta confluencia socio-
ecológica, junto a presiones antrópicas de carácter más global como el cambio 
climático, hacen que ciertos ecosistemas o hábitats costeros sean especialmente 
vulnerables, y que, en consecuencia, se encuentren altamente impactados. 
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La gestión de las zonas costeras se afronta desde diferentes administraciones 
públicas con diversas fórmulas para su administración, legislación y gestión. Sin 
embargo, la Directiva Marco del Agua (DMA 2000/60/CE), y otras estrategias 
nacionales e internacionales para la gestión de las aguas costeras en todo el 
mundo han asumido una visión más integradora y dinámica en la que se 
interrelacionan criterios ambientales tanto físicos (geomorfológicos), químicos, 
como biológicos y ecológicos, con criterios sociales, económicos y legales, para la 
delimitación de unidades con características más o menos homogéneas que serán 
utilizadas como unidades instrumentales de planificación-gestión. En el contexto 
de estas estrategias un aspecto clave es el diagnóstico del estado ecológico de las 
aguas mediante redes de seguimiento basadas en bioindicadores. Para las zonas 
costeras, todas ellas incluyen, implícita o explícitamente, la vigilancia del estado 
de los ecosistemas de fanerógamas marinas en la línea seguida en la presente 
tesis. 
P. oceanica es una fanerógama marina endémica del Mediterráneo, donde esta 
especie longeva y de crecimiento lento forma extensas praderas que son 
consideradas ecosistemas claves y amenazados. Los ecosistemas de P. oceanica 
son sistemas complejos, estructurados en diferentes niveles de organización y 
funcionamiento. A nivel de organización bioquímico y fisiológico, diversos 
componentes (pigmentos fotosintéticos, enzimas, etc.) intervienen en los procesos 
fotosintéticos y no fotosintéticos de asimilación y síntesis de los diferentes 
compuestos que la planta necesita para su supervivencia, crecimiento y 
reproducción. A nivel de individuo, las diferentes estructuras que constituyen el 
haz (hojas, rizomas y raíces) cooperan para mantener el balance entre 
producción/respiración, constituyendo la unidad funcional mínima. Desde el punto 
de vista de la población, los diferentes haces, además de desempeñar su papel, 
cooperan y comparten recursos para aumentar su supervivencia de manera que 
constituyen una gran unidad funcional. Las praderas de P. oceanica son sistemas 
altamente productivos, cuya producción mantienen el crecimiento y la renovación 
cíclica de hojas, la lenta construcción de una importante biomasa subterránea 
(rizomas y raíces), la propagación de los rizomas horizontales que colonizan 
zonas vacías o denudadas por algún tipo de mortalidad, y la generalmente poco 
frecuente reproducción sexual. A nivel de ecosistema, P. oceanica es una especie 
“ingeniera”, constructora de un hábitat, la pradera, que realiza diversas funciones y 
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servicios ambientales. Esta organización estructural y funcional de las praderas les 
permite una cierta adaptabilidad y flexibilidad ante condiciones ambientales 
cambiantes, entre ellas las derivadas de las actividades humanas. 
Las actividades humanas generan una serie de impactos marcadamente 
multifactoriales, es decir, que modifican simultáneamente diferentes factores 
ambientales. En general, los diferentes impactos originados por las actividades 
humanas pueden afectar a los ecosistemas de P. oceanica mediante la 
modificación directa o indirecta de la disponibilidad de los recursos que controlan 
el crecimiento de la planta y las interacciones biológicas (p.e. luz, nutrientes y 
otros elementos traza, salinidad, temperatura), mediante perturbaciones 
hidrodinámicas y sedimentarias, mediante la eliminación directa de la biomasa o 
de efectivos de la población con la consiguiente alteración de la estructura y 
distribución espacial, o mediante la bioacumulación y efectos tóxicos de metales y 
agentes químicos (detergentes, hidrocarburos, etc.). Los ecosistemas de P. 
oceanica reaccionan ante estos impactos mediante diversas respuestas biológicas 
y ecológicas reflejadas a diferentes niveles de organización a diferentes escalas 
temporales. Los diferentes impactos que suelen darse de manera simultánea en la 
zona costera pueden actuar de manera sinérgica o antagónica, por lo que las 
respuestas biológicas no son siempre directamente proporcionales a la magnitud 
de la perturbación que las genera. Cuando son sometidas a bajos niveles de 
estrés (en duración y/o intensidad), las plantas modifican sus funciones 
bioquímicas (p.e. modificación del contenido en nutrientes y otros elementos traza 
en sus tejidos) y fisiológicas (p.e. reajustes metabólicos o de actividades 
enzimáticas, modificación de las tasas fotosintéticas o respiratorias). Si el estrés 
persiste, pueden iniciarse respuestas adaptativas a medio plazo en las plantas 
(p.e. adaptaciones morfológicas como la modificación del tamaño de las hojas o 
del haz, o la modificación del crecimiento vertical de los rizomas), o cambios a 
nivel de la comunidad como la intensificación de la acción de los herbívoros, o el 
crecimiento masivo de epífitos. A partir de un determinado nivel de estrés, o de 
modificación de los procesos internos, se inician cambios en la estructura de la 
población por mortalidad de haces. De este modo, una determinada respuesta 
biológica iniciada a un determinado nivel de organización, puede propagarse a 
otros niveles de organización. La vulnerabilidad de los ecosistemas de P. 
oceanica, y de otras fanerógamas, se ha puesto de manifiesto en el deterioro a 
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escala global de estos ecosistemas. La regresión de las praderas supone una 
reestructuración del sistema, que puede dar paso a un nuevo régimen, lo que 
supone la pérdida de los servicios que proporcionaba. Por tanto, es necesario 
reconocer las situaciones de estrés a tiempo, antes de que daños irreversibles y 
cambios hacia regímenes alternativos sean evidentes. Esta detección temprana de 
cambios en el estado de estos ecosistemas conlleva el uso de bioindicadores 
sensibles que detecten variaciones en los detalles de su estructura y 
funcionamiento. 
 
Objetivos y estructura de la tesis 
La investigación llevada a cabo en esta tesis es de naturaleza práctica. Por lo 
tanto, y aunque se basa en conocimientos y conceptos ecológicos está orientada a 
la resolución de problemas concretos, sin perder de vista el objetivo final de la 
sostenibilidad de los sistemas socio-ecológicos. El objetivo de esta tesis es 
contribuir al desarrollo de herramientas y a la adquisición de conocimientos 
necesarios para una correcta vigilancia del estado ecológico de las aguas costeras 
a escala regional. En particular, nos centraremos en herramientas basadas en los 
ecosistemas de Posidonia oceanica. La vigilancia del estado de las praderas de P. 
oceanica tiene una doble función: (1) incrementar el conocimiento de estos 
ecosistemas y detectar signos de alteración en este patrimonio sensible, 
amenazado, y legalmente protegido tanto en la costa catalana (Ordre de 31 de 
juliol de 1991, per a la regualció d´herbassars de fanerògames marinas) como 
nacional (Ley 42/2007 del Patrimonio Natural y la Biodiversidad) e 
internacionalmente (Directiva Hábitat 92/43/CEE), con el fin de conservar los 
bienes y servicios patrimoniales, ambientales, ecológicos y económicos que 
proporciona; y (2) utilizar estos ecosistemas sensibles como elementos de calidad 
para evaluar el estado ecológico de las aguas costeras, los efectos de las 
presiones derivadas de las actividades humanas, y la eficacia de las medidas 
protectivas y preventivas de las políticas ambientales locales y regionales 
(Directiva Marco del Agua, WFD 2000/60/EC).  
En la presente tesis profundizamos en el desarrollo de diversas estrategias 
para el diagnóstico del estado ecológico de las praderas de Posidonia oceanica, 
yendo desde un simple biomarcador (Capítulo I), a un índice biótico que agrega 
múltiples bioindicadores basados en atributos estructurales y funcionales de estos 
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ecosistemas (Capítulos II y IV), y pasando por medidas a nivel de comunidad 
basadas en la composición taxonómica de los epífitos foliares (Capítulo III). Sin 
embargo, entendemos que los ecosistemas de P. oceanica son sólo una pieza 
más en la red ecológica de la biosfera, y en el diagnóstico del estado ecológico de 
las aguas costeras. Por tanto, en el Capítulo V aumentamos el alcance de nuestro 
estudio para obtener una visión general de las fortalezas y debilidades de los 
diversos bioindicadores e índices bióticos basados en diversas especies 
centinelas, grupos ecológicos o ecosistemas empleados en el diagnóstico del 
estado de las aguas costeras a escala regional. Este capítulo proporciona el 
contexto general en el cual enmarcamos las herramientas basadas en los 
ecosistemas de P. oceanica (Capítulos I-IV). 
 
Resultados y conclusiones generales 
• Es imprescindible una cuidadosa validación de los bioindicadores a una escala 
espacial larga (10s de km) y a lo largo de un gradiente completo de calidad 
ambiental antes de su agregación en indices bióticos y de su uso en programas 
extensivos de vigilancia en la línea requerida por las estrategias nacionales y 
transnacionales para la gestión de la calidad del agua.  
• De 59 descriptores del estado de las praderas de P. oceanica que 
potencialmente pueden ser utilizados como bioindicadores en base a la 
bibliografía, sólo 16 mostraron una respuesta inequívocamente relacionada con 
el gradiente de calidad ambiental a una escala espacial apropiada. La 
combinación de bioindicadores representativos de los diferentes niveles de 
organización biológica (bioquímico, fisiológico, individual y poblacional) fue 
necesaria para reflejar adecuadamente el gradiente completo de calidad 
ambiental y las múltiples perturbaciones antrópicas que lo originan.  
• La clasificación del estado ecológico de las praderas obtenida mediante 
descriptores taxonómicos de la comunidad epífita que crece sobre las hojas de 
P. oceanica concuerda con la obtenida en base a la agregación de múltiples 
bioindicadores representativos de los diferentes niveles de organización 
biológica. 
• La respuesta a lo largo del gradiente de calidad ambiental de los 
bioindicadores obtenidos a diferentes niveles de organización de las praderas 
de P. oceanica y de los descriptores taxonómicos de la comunidad epífita fue 
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más clara en praderas situadas a mayor profundidad (15m). La respuesta en 
praderas someras (5m) parece verse afectada por procesos naturales como el 
herbivorismo o el hidrodinamismo.  
• La actividad fosfatasa alcalina (APA) es un biomarcador es eficaz para la 
detección temprana de la eutrofización de las aguas, y puede aplicarse a 
escala regional (centenares de kilómetros). Sin embargo, no refleja la 
integridad global del ecosistema, y su utilización debe realizarse con cierta 
cautela (teniendo en cuenta la estacionalidad de su respuesta y la influencia de 
otros factores ambientales sobre la disponibilidad de nutrientes), y como 
complemento de otros bioindicadores. 
• El “Posidonia oceanica Multivariate Index” (POMI) es un índice robusto que 
proporciona una visión más o menos completa de la integridad del ecosistema, 
y ofrece interesantes ventajas para la evaluación del efecto (letal y sub-letal) de 
múltiples presiones antrópicas. Es necesario, sin embargo, un mejor 
conocimiento de la variabilidad espacial y temporal del índice, y de las métricas 
que lo componen que permita definir con precisión unas condiciones de 
referencia fijas que minimicen las variaciones interanuales en el valor del EQR 
derivadas del uso de estaciones óptima y pésima “virtuales” (creadas a partir 
de los datos) diferentes cada año. 
• La composición específica de la comunidad epífita que crece sobre las hojas 
de P. oceanica y la proporción de ciertos grupos taxonómicos (hidrozoos, 
rodofitas y clorofitas) reflejan el estado global del ecosistema a escala regional 
y responden sensiblemente a las diversas presiones antrópicas mostrando una 
respuesta integradora. Las líneas de investigación futura para el desarrollo de 
índices bióticos a partir de estos bioindicadores son: (1) la definición de las 
condiciones de referencia, y de los límites entre categorías de estado 
ecológico; (2) la combinación de estas medidas con biomarcadores específicos 
de determinados factores de estrés (contenido de nutrientes o metales en los 
epífitos, las trazas isotópicas de carbono, nitrógeno y/o azufre, etc.) para 
ayudar en la identificación de las presiones antrópicas que causan los cambios 
cuando éstos sean detectados; y (3) la posible identificación de especies 
indicadoras muestreando en la época del año en la cual tanto la riqueza 
específica como la biomasa de epífitos alcanzan su máximo (verano).  
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• El estudio extensivo en la costa catalana (22 estaciones en la presente tesis, 
ampliado a 27 estaciones en años sucesivos) de la vitalidad y abundancia de 
las praderas de P. oceanica basado en el POMI muestra que 
aproximadamente el 72.7% de las praderas estudiadas se encuentran en un 
estado ecológico bueno o muy bueno, mientras que un 14.6% presentan 
síntomas de deterioro (estado moderado), y en un 14.6% la degradación es 
grave (mal estado). Por tanto, un 29% de las praderas debe aún alcanzar un 
buen estado ecológico, lo cual requiere un esfuerzo de gestión mayor al 
realizado hasta la fecha. 
• Cuando recopilamos 81 bioindicadores e indices bióticos propuestos para la 
evaluación de la calidad de las aguas costeras y estuarinas representativos del 
amplio espectro disponible (i.e. diferentes tipos de bioindidadores, basados en 
diferentes sistemas biológicos y niveles de organización), y analizamos sus 
fortalezas y debilidades en relación con los requisitos derivados de las 
estrategias nacionales y transnacionales para la gestión de la calidad del agua, 
observamos que ninguno parece ser mejor que los demás en relación con 
todos los requisitos. La mejor aproximación para una óptima evaluación del 
estado ecológico de las aguas costeras parece ser el uso simultáneo de 
diferentes índices con fortalezas complementarias. 
 
Propuestas de líneas de actuación o de investigación para el futuro  
• La realización de un estudio preciso de la extensión o superficie ocupada por 
praderas de P. oceanica para obtener una visión completa de su estado.  
• La adaptación de las herramientas desarrolladas a otras especies de 
fanerógamas, lo que aumentaría el rango geográfico su aplicación, dado que 
han sido testadas en una especie endémica del Mediterráneo.  
• La búsqueda de un consenso científico sobre lo que debe ser considerado un 
buen estado de salud de las praderas (condiciones de referencia), y de los 
límites entre categorías de estado ecológico.  
• Continuar la línea, ya iniciada, de combinar herramientas basadas en los 
ecosistemas de P. oceanica con otros índices basados en otros componentes 
o ecosistemas (p.e. macroalgas, macroinvertebrados bentónicos, fitoplancton, 
etc.) que responden de manera diferente a los impactos, y con datos de 
parámetros fisico-químicos y de presiones antrópicas, hacia el desarrollo de un 
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índice agregado que proporcione una visión holista del estado de las aguas 
costeras, y que permita la identificación de las actividades humanas más 
estrechamente relacionadas con los impactos identificados.  
• Fortalecer las medidas preventivas para una correcta gestión de las praderas, 
dada la dificultad de las medidas de restauración de las que están altamente 
degradadas, o de las medidas compensatorias.  
• Asumir los principales retos relativos a las medidas de protección de las 
praderas y de prevención de los impactos causantes de su deterioro, que 
parecen ser: (1) el control de la contaminación difusa, (2) la creación de una 
red de espacios protegidos conectada, (3) la protección de especies o 
ecosistemas con los que las praderas están directa o indirectamente 
conectadas, y (4) la interconexión y colaboración administrativa en relación a la 
gestión de estos ecosistemas y de las presiones antrópicas que les afectan. 
• Impulsar una importante labor de divulgación y sensibilización sobre el valor de 
los ecosistemas asociados a las praderas de P. oceanica (y del patrimonio 
natural en general) enfocada a conseguir la implicación de la sociedad en su 
conservación efectiva.  
• Contextualizar en el marco de la teoría ecológica general los conocimientos 
adquiridos mediante el despliegue extensivo (en el espacio y en el tiempo) de 
redes de vigilancia basadas en herramientas efectivas. 
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The following appendices (1 to 4) accompany the Chapter II- Selection of multiple 
seagrass indicators for environmental biomonitoring 
 
Appendix 1. Partition of the variance of each physiological and biochemical level descriptor into their 
different spatial components (between sites, between sampling zones, and within sampling zones), as a 
percentage of the total variance calculated from sum of squares using two-way ANOVA. Sources of 
variation statistically significant are marked with one (p < 0.05) or two asterisks (p< 0.005). The degrees 
of freedom (df) show that some descriptors were measured in four shallow meadows and some of them 
only in three shallow meadows (without Torr 5m) due to analytical constraints; and that leaf samples of 
some zones within Jugadora 5m and 15m were contaminated with some metals (Fe, Ni and Cr) during 
laboratory procedures, and consequently eliminated from the analyses.  
 
 Deep locations  Shallow locations  Deep locations Shallow locations 
Descriptor Sources of variability  df Variance (%)  df Variance (%)
Descriptor Sources of variability  df Variance (%) df Variance (%)
  %C leaf2 between sites   7 17.28  4 74.36**   Cu leaf2 between sites  7 84.73** 4 59.16** 
  between zones  16 50.48  10 15.11  between zones  16 8.76 10 16.12 
  within zones  16 32.24  10 10.53  within zones  16 6.51 10 24.72 
  %N Leaf2 between sites  7 67.52**  4 78.32**   Fe rhizome between sites  7 59.04** 4 58.03* 
  between zones  16 13.06  10 15.28*  between zones  16 14.37 10 24.21 
  within zones  16 19.42  10 6.40  within zones  16 26.59 10 17.76 
  %P leaf2 between sites  7 31.27  4 45.44*   Zn rhizome between sites  7 31.73 4 54.26* 
  between zones  16 44.61  10 32.34  between zones  16 27.35 10 36.03** 
  within zones  16 24.13  10 22.22  within zones  16 40.92 10 9.71 
  %P rhizome between sites  7 48.15**  4 60.90**   Ni rhizome between sites  7 22.10 4 25.32 
  between zones  16 21.96  10 20.52  between zones  16 53.09* 10 49.74 
  within zones  16 29.90  10 18.58  within zones  16 24.82 10 24.94 
  δ13C leaf2 between sites  7 52.82*  3 89.37**   Mn rhizome between sites  7 35.98* 4 51.75* 
  between zones  16 28.50  8 5.31  between zones  16 22.56 10 24.71 
  within zones  16 18.67  8 5.31  within zones  16 41.46 10 23.54 
  δ13C scales1 between sites  7 69.82**  3 79.10**   Cr rhizome between sites  7 41.01* 4 56.23** 
  between zones  16 14.40  8 11.03  between zones  16 31.24 10 16.07 
  within zones  16 15.78  8 9.87  within zones  16 27.75 10 27.70 
  δ13C  scales5 between sites  7 54.31**  3 83.09**   Pb rhizome between sites  7 28.43 4 60.96** 
  between zones  16 23.77  8 1.83  between zones  16 45.18 10 16.66 
  within zones  16 21.92  8 15.08  within zones  16 26.39 10 22.38 
  δ15N leaf2 between sites  7 68.27**  3 89.46**   As rhizome between sites  7 26.56 4 48.10* 
  between zones  16 16.84  8 4.63  between zones  16 30.85 10 18.87 
  within zones  16 14.90  8 5.91  within zones  16 42.60 10 33.03 
  δ15N  scales1 between sites  7 65.75**  3 28.66   Cu rhizome between sites  7 59.18** 4 76.27** 
  between zones  16 17.04  8 50.09*  between zones  16 22.18 10 12.29 
  within zones  16 17.21  8 21.24  within zones  16 18.64 10 11.44 
  δ15N  scales5 between sites  7 39.93  3 18.66   Sucrose between sites  7 66.69** 4 63.78** 
  between zones  16 40.73*  8 69.06**  between zones  16 10.25 10 14.45 
  within zones  16 19.34  8 12.28  within zones  16 23.07 10 21.77 
  δ34S leaf2 between sites  7 32.61  3 8.46   FAA between sites  7 67.60 3 60.92 
  between zones  16 42.66  8 69.39*  within sites  7 32.40 3 39.08 
  within zones  16 24.73  8 22.16   Asn between sites  7 74.39* 3 72.24 
  δ34S scales1 between sites  7 58.73*  3 57.70*  within sites  7 25.61 3 27.76 
  between zones  16 28.71*  8 32.76*   Arg between sites  7 51.73 3 26.99 
  within zones  16 12.56  8 9.53  within sites  7 48.27 3 73.01 
  δ34S scales5 between sites  7 40.42  3 28.35   Gln between sites  7 63.95 3 57.82 
  between zones  16 36.36  8 42.37  within sites  7 36.05 3 42.18 
  within zones  16 23.22  8 29.28   Ala between sites  7 72.94* 3 72.94 
  Fe leaf2 between sites  6 54.21*  4 74.51**  within sites  7 27.06 3 27.06 
  between zones  14 30.86*  10 11.62   Asp between sites  7 70.13 3 83.33* 
  within zones  14 14.92  10 13.87  within sites  7 29.87 3 16.67 
  Zn leaf2 between sites  7 82.69**  4 76.72**   Val between sites  7 55.53 3 58.48 
  between zones  16 12.40*  10 15.11  within sites  7 44.47 3 41.52 
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 Deep locations  Shallow locations  Deep locations Shallow locations 
Descriptor Sources of variability  df Variance (%)  df Variance (%)
Descriptor Sources of variability  df Variance (%) df Variance (%)
  within zones  16 4.91  10 8.17   Ser between sites  7 81.49* 3 72.04 
  Ni leaf2 between sites  6 36.88  4 68.17**  within sites  7 18.51 3 27.96 
  between zones  14 47.00**  10 10.96   Lys between sites  7 55.80 3 60.17 
  within zones  14 16.12  10 20.88  within sites  7 44.20 3 39.83 
  Mn leaf2 between sites  7 66.24**  4 60.01*   His between sites  7 67.80 3 45.11 
  between zones  16 18.14  10 22.16  within sites  7 32.20 3 54.89 
  within zones  16 15.62  10 17.83   Thr between sites  7 71.72 3 29.88 
  Cr leaf2 between sites  6 51.96*  4 68.97**  within sites  7 28.28 3 70.12 
  between zones  14 35.98**  10 10.53   Pro between sites  7 84.66** 3 62.76 
  within zones  14 12.06  10 20.51  within sites  7 15.34 3 37.24 
  Pb leaf2 between sites  7 79.05**  4 73.93**   Glu between sites  7 59.31 3 77.58 
  between zones  16 14.32*  10 21.71**  within sites  7 40.69 3 22.42 
  within zones   16 6.63  10 4.36   Cit between sites  7 40.96 3 85.62* 
  As leaf2 between sites  7 65.09**  4 67.52**  within sites  7 59.04 3 14.38 
 between zones  16 17.76  10 20.90        
 within zones  16 17.16  10 11.58        
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Appendix 2. Partition of the variance of each individual, population and community level descriptor into 
their different spatial components (between sites, between sampling zones, and within sampling zones), 
as a percentage of the total variance calculated from sum of squares using two-way ANOVA. Sources of 
variation statistically significant are marked with one (p < 0.05) or two asterisks (p< 0.005). The degrees 
of freedom (df) show that some descriptors were measured in four shallow meadows and some of them 
only in three shallow meadows (without Torr 5m) due to analytical constraints. 
 
 Deep meadows  Shallow meadows 
Descriptor Sources of variability 
 df Variance (%) p-level  df Variance (%) p-level
  Total number of leaves per shoot between sites  7 31.22 0.117  4 37.22 0.164 
  between zones  16 35.43 0.414  10 45.54 0.022 
  within zones  16 33.35   10 17.24   
  Maximal leaf length between sites  7 55.71 0.009  4 82.66 0.000 
  between zones  16 30.96 0.013  10 11.84 0.055 
  within zones  16 13.33   10 5.50   
  Average leaf width between sites  7 51.61 0.006  4 76.74 0.000 
  between zones  16 26.27 0.312  10 12.14 0.402 
  within zones  16 22.12   10 11.12   
  Broken leaves between sites  7 40.76 0.028  4 42.96 0.087 
  between zones  16 29.86 0.457  10 38.80 0.058 
  within zones  16 29.38   10 18.24   
  Shoot necrosis between sites  7 73.47 0.000  3 68.65 0.007 
  between zones  16 13.62 0.420  8 21.67 0.061 
  within zones  16 12.90   8 9.68   
  Shoot biomass between sites  7 57.03 0.006  3 41.28 0.143 
  between zones  16 29.09 0.025  8 45.79 0.008 
  within zones   16 13.88     8 12.93   
  Shoot density between sites  7 75.68 0.000  4 52.59 0.058 
  between zones  16 12.53 0.406  10 39.99 0.000 
  within zones  16 11.79   10 7.42   
  Meadow cover between sites  7 67.08 0.002  4 71.07 0.001 
  between zones  16 25.89 0.000  10 14.11 0.489 
  within zones  16 7.03   10 14.82   
  Rhizome baring between sites  7 67.06 0.001  3 13.90 0.564 
  between zones  16 23.55 0.005  8 50.92 0.211 
  within zones  16 9.39   8 35.18   
  Rhizome growth type between sites  7 56.90 0.018  3 18.97 0.564 
  between zones  16 37.17 0.000  8 69.54 0.000 
  within zones  16 5.93   8 11.49   
  Epiphyte biomass between sites   7 64.03 0.002   4 24.06 0.330 
  between zones  16 25.59 0.008  10 45.84 0.185 
  within zones  16 10.38   10 30.10   
  %C epiphytes between sites  7 72.96** 0.000  4 57.41* 0.032 
  between zones  16 20.04** 0.002  10 35.18** 0.001 
  within zones  16 6.99   10 7.40  
  %N epiphytes between sites  7 74.26** 0.000  4 78.61** 0.000 
  between zones  16 18.51* 0.006  10 13.47 0.132 
  within zones  16 7.23   10 7.92  
  Fish action marks between sites  7 51.53 0.001  4 56.76 0.019 
  between zones  16 16.69 0.920  10 29.03 0.068 
  within zones  16 31.79   10 14.21   
  Sea urchin action marks between sites  7 24.71 0.466  4 65.70 0.001 
  between zones  16 56.47 0.002  10 13.09 0.786 
  within zones   16 18.82     10 21.21   
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Appendix 3. Factor loadings within the first two principal components of the PCA 
performed using ANOVA-selected descriptors. Descriptors showing the highest correlation 
with each component (r≥  0.70) are highlighted in bold. Descriptors exceptionally included 
due to their ecological relevance or sensitivity to specific anthropogenic disturbances are 
underlined (0.60 < r > 0.70). Asterisks denoted descriptors highly correlated with 
component I but without significant variation among deep meadows based on ANOVA 
results. 
 
Descriptor Component I  Component II 
 Asparagine content in rhizomes (Asn)  0.84  0.23 
 Alanine content in rhizomes (Ala)   0.64  -0.05 
 Aspartic acid content in rhizomes (Asp)     0.78*  -0.08 
 Serine content in rhizomes (Ser)   0.79  0.04 
 Proline content in rhizomes (Pro)   -0.10  -0.63 
 Citosine content in rhizomes (Cit)   0.39  -0.45 
 Carbon content in leaf2 (C leaf)  -0.24  0.62 
 Nitrogen content in leaf2 (N leaf)  0.36  -0.02 
 Phosphorus content in leaf2 (P leaf)    0.85*  0.16 
 Phosphorus content in rhizomes (N rhi)  0.87  -0.06 
 δ34S signature in 1 year old scales (dS scal1)   0.71  0.16 
 δ13C signature in leaf 2 (dC leaf)   0.01  0.59 
 δ13C signature in 1 year old scales (dC scal1)   0.20  0.31 
 δ13C signature in 5 year old scales (dC scal5)   0.16  0.37 
 δ15N signature in leaf 2 (dN leaf)   0.13  0.51 
 δ15N signature in 1 year old scales (dN scal1)   0.39  0.20 
 Carbon content in leaf epiphyte (C epi)  -0.13  -0.14 
 Nitrogen content in leaf epiphyte (N epi)  0.10  0.47 
 Iron content in leaf 2 (Fe leaf)  0.73  -0.23 
 Zinc content in leaf 2 (Zn leaf)  0.64  0.59 
 Nickel content in leaf 2(Ni leaf)    0.70*  -0.18 
 Manganese content in leaf 2 (Mn leaf)  0.47  0.03 
 Chromium content in leaf 2 (Cr leaf)  0.47  -0.25 
 Lead content in leaf 2 (Pb leaf)  0.89  -0.04 
 Arsenic content in leaf 2 (As leaf)  0.67  -0.05 
 Copper content in leaf 2 (Cu leaf)  0.68  0.47 
 Iron content in rhizomes (Fe rhi)  0.74  -0.08 
 Zinc content in rhizomes (Zn rhi)  0.65  -0.16 
 Manganese content in rhizomes (Mn rhi)  0.67  -0.09 
 Chromium content in rhizomes (Cr rhi)  -0.06  -0.29 
 Lead content in rhizomes (Pb rhi)  0.08  -0.03 
 Arsenic content in rhizomes (As rhi)  0.55  -0.22 
 Copper content in rhizomes (Cu rhi)  0.61  0.55 
 Sucrose content in rhizomes (Sucrose)  -0.78  -0.21 
 Maximum leaf length (Lmáx)  -0.10  -0.77 
 Leaf width (Width)   -0.33  -0.65 
 Fish action marks (Fish)  -0.39  0.74 
 Sea urchin marks (Sea urchin)   -0.08  0.60 
 Broken leaves (Broken)   0.54  -0.41 
 Shoot necrosis (Necrosis)  0.79  -0.37 
 Shoot biomass (B shoot)   -0.40  -0.48 
 Epiphyte biomass (B epi)   0.40  -0.06 
 Shoot density (Density)  -0.70  0.56 
 Meadow cover (Cover)   -0.63  0.37 
 Rhizome baring (Baring)  -0.32  -0.38 
 Rhizome growth type (Growth rhi)   0.91  0.12 
% variance 31.6  14.2 
Cumulative variance 31.6  45.8 
 
 Component I Component II Component III Component IV 
% variance 31.6 14.2 12.8 10.8 
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Appendix 4. Three-way nested ANOVA results including environmental status (healthy, intermediate, 
and unhealthy; fixed factor), and sampling site (random factor, nested in status) and zone (random factor, 
nested in site). 
 
Indicator   df Effect MS Effect df Error MS Error F p-level 
Shoot density  Status 2 170872.0 5.0 41163.4 4.2 0.086 
 Site 5 41642.6 15.6 5836.9 7.1 0.001 
 Zone 16 5832.5 69.0 5487.7 1.1 0.406 
Meadow cover Status 2 12786.8 5.0 1670.8 7.7 0.030 
 Site 5 1670.8 16.0 818.6 2.0 0.127 
  Zone 16 818.6 192.0 222.2 3.7 0.000 
Rhizome growth type Status 2 4.3 5.3 0.1 32.8 0.001 
 Site 5 0.1 15.9 0.4 0.3 0.886 
 Zone 16 0.4 67.0 0.1 6.3 0.000 
Shoot necrosis  Status 2 3286.5 5.0 459.6 7.1 0.034 
 Site 5 459.6 16.0 102.8 4.5 0.010 
  Zone 16 102.8 48.0 97.4 1.1 0.420 
Sucrose in rhizomes Status 2 104.2 4.9 12.0 8.7 0.024 
 Site 5 11.9 15.5 2.5 4.7 0.008 
 Zone 16 2.6 45.0 5.8 0.4 0.960 
Asn in rhizomes Status 2 13700.9 5.0 672.9 20.4 0.004 
  Site 5 672.9 16.0 1512.9 0.4 0.811 
Ser in rhizomes Status 2 5.1 5.0 4.0 1.3 0.355 
 Site 5 4.0 16.0 1.0 4.1 0.014 
P in rhizomes Status 2 0.2 5.0 0.0 11.7 0.013 
 Site 5 0.0 14.5 0.0 1.4 0.275 
  Zone 16 0.0 44.0 0.0 0.7 0.745 
Mn in rhizomes Status 2 11.3 5.0 17.8 0.6 0.567 
 Site 5 17.7 14.0 4.0 4.4 0.013 
 Zone 16 4.1 44.0 7.6 0.5 0.907 
Fe in rhizomes Status 2 194195.5 5.0 20205.7 9.6 0.020 
 Site 5 20139.2 14.0 7810.4 2.6 0.074 
  Zone 16 8056.9 44.0 14914.8 0.5 0.910 
Fe in leaf Status 2 177151.0 4.0 159937.5 1.1 0.414 
 Site 4 159217.8 13.9 44483.4 3.6 0.033 
 Zone 14 44240.2 40.0 21389.3 2.1 0.037 
Zn in leaves Status 2 30809.0 5.0 5193.1 5.9 0.048 
 Site 5 5209.8 15.9 763.6 6.8 0.001 
  Zone 16 758.5 46.0 300.3 2.5 0.007 
Pb in leaves Status 2 373.4 5.0 16.0 23.3 0.003 
 Site 5 16.1 15.8 9.6 1.7 0.198 
 Zone 16 9.5 46.0 4.4 2.2 0.021 
As in leaves Status 2 0.7 5.0 0.5 1.3 0.347 
 Site 5 0.5 15.7 0.1 7.8 0.001 
  Zone 16 0.1 46.0 0.1 1.0 0.441 
Cu in leaves Status 2 1599.3 5.0 72.3 22.1 0.003 
 Site 5 72.5 15.7 23.8 3.0 0.041 
 Zone 16 23.8 46.0 17.7 1.3 0.212 
δ34S in 1 year old scales Status 2 12.6 5.0 5.8 2.2 0.210 
 Site 5 5.8 16.0 1.7 3.5 0.025 
  Zone 16 1.7 48.0 0.7 2.3 0.014 
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